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· Thermionic emission occurs at the cathode. 
(Thermionic  emission is the emission of electrons from the surface of a hot metal).
· The electrons are accelerated towards the anode, but  most overshoot, and continue in a straight line, as shown.
· They strike the screen, producing a spot of light at its centre.
· The potential, and shape, of the anodes controls the focussing of the spot.
· The beam can be deflected by the x- or y-plates.
· The brightness is controlled by the grid. It is negative with respect to the cathode. The more negative it is, the more electrons are repelled back towards the cathode, and the less electrons there are to strike the screen.

Cathode Ray Properties
· They consist of electrons travelling at high speed
· They travel in straight lines from the cathode to the anode.
· They cause certain substances to fluoresce (give out light) when struck.
· They have kinetic energy
· They can be deflected by electric and magnetic fields
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· A very high voltage accelerates the electrons to a high speed.
· When they strike the tungsten target, their kinetic energy is absorbed by the anode.
· Most of this energy (99%) becomes heat energy, which is dispersed using  some cooling system.
· A small amount of the electrons energy  (1%)is absorbed by individual atoms, which then re-emit this energy in the form of x-rays.

X-ray Properties

· They are electromagnetic radiation, of very high energy.
· They pass through many materials, such as skin and muscle tissue.
· They will not pass through more dense material such as bone.
· They affect photographic film.

STS
X-rays can be used to 'photograph' inside the human body, and can also be sued in a similar way to search for structural flaws in the construction industry.
Also, as X-rays are ionising radiation they can cause severe burns to human tissue, and increase the risk of cancer developing.  We can be protected from them using lead plates.  On the other hand their ionising ability can be used to kill cancerous cells. 



In both X-ray machines and the CRT, the kinetic energy gained by the electron as it crosses the tube is given by: 				(from the formula )

where 	Q = charge on the electron
V = voltage between cathode and anode


The Photoelectric Effect
The photoelectric effect is the emission of electrons from a metal, caused by the incidence of electromagnetic radiation of suitable frequency.

The photoelectric effect was first noticed in 1888.
It was noticed that UV light shining on a negatively charged electroscope caused it to lose its charge.  The same effect was not found with a positively charged electroscope. The simple explanation was that the electrons were absorbing energy from the UV and using it to escape from the metal.  The effect was studied more closely with the arrangement shown, however and the details seemed contradictory:   
In this arrangement both the frequency and intensity of the incident radiation can be varied.
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These are the key points:
· Below a  threshold frequency, fo,. there is no current.
· Above fo,   increasing the frequency does not increase the current. 
· Above fo,.  the current does vary with the intensity  (brightness) of the light.

 In summary:
	
	Under fo
	Over fo

	
	Current does not flow
	Current does flow

	Increasing frequency
	No effect
	No effect

	Increasing intensity
	No effect
	Increases current



The difficulty with the simplistic explanation is that as energy is related to both frequency and intensity, it was hard to see why, below fo,, increasing the intensity couldn’t make up for the energy lost due to low frequency. 

Einstein's explanation of the effect was that light consists of tiny particles, little bundles of energy called photons.
The energy in each photon is given by 
E = hf 
where f = frequency of light
h = Planck’s constant
· Each photon hits one electron, and gives its energy to that electron.  If the photon contains sufficient energy,  - i.e. if it  is above the threshold frequency  (fo) - the electron  can then escape from the metal  and travel to the anode. 
· As each photon can strike only one electron, increasing the energy  (or frequency) of the photon does not increase the number of electrons released, and therefore does not affect the current.  Any extra energy the photon has, is given to the electron as kinetic energy.
· Only by increasing the number of photons - or the brightness / intensity of the light - can the number of electrons, and hence the current, be increased.

The formula Einstein used to describe this effect is:



Each of these terms can be expressed in other ways:	


                           		

where 	= the energy of the incident photon

	= the work function of the metal, the energy required for an electron the escape from the cathode.

	= the kinetic energy of the electron once it has escaped.

Einstein’s theory does not contradict Young's experiment that showed that light was a wave. AS confusing as it seem, light is both a wave and a beam of particles. We refer to this as the wave-particle duality of light 

STS
Photoemission, in a circuit similar to that shown above is used in the light detectors used by professional photographers, and in industry, to count the number of items on a conveyor belt
Nuclear Physics

The Atom

At the end of the 1800's the common idea was that the atom consisted of a solid, positively charged sphere, into which electrons were imbedded, much as fruit is embedded in a plum pudding, which gave this picture of the atom its name:  the Plum Pudding model.
[image: ]This idea was challenged by Rutherford's Gold Foil Experiment
He fired a beam of alpha-particles towards a thin sheet of gold. 
Alpha particles are small, positively charged particles. He chose gold because it can be pressed very thin, so thin that it is only a few atoms from front to back.
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What he found was that most particles went through the foil, without damaging it.  A small percentage was diverted as shown, while an even smaller percentage was repelled back towards the source. 

This experiment gave rise to the idea of the Rutherford-Bohr model of the atom, with which we are already familiar. In this model, 
· most of the atom is empty space 
· there is a positively charged nucleus, which contains the protons and neutrons
· the nucleus is surrounded by several 'shells' of negatively-charged electrons. 

Each element is defined by the atomic number  -  the number of protons in the nucleus.Shells of electrons, surrounding the nucleus
Nucleus, containing protons and neutrons

The mass number tells us the total number of protons and neutrons in the nucleus.  Isotopes are atoms of the same element which have different numbers of neutrons and therefore different mass numbers.
e.g.atomic number is 4,
indicating there are 4 protons





mass number is 7,
indicating there are 3 neutrons, alongside the 4 protons in the nucleus




Radioactivity is the emission of either particles or electromagnetic radiation from the nucleus of an atom.
The main forms of radiation are:  - particles,   - particles,  and   -rays.

 - particles:  These are the nucleus of a helium atom (2 Protons and 2 neutrons). They are relatively big, and have a positive charge.  They have  very  good ionizing ability, but poor penetrating ability (a few centimetres in air).    
The emission of an  - particles reduces the atomic number by 2, and the mass number by 4.

 - particles:  These are electrons. The are formed when a neutron divides in the nucleus to become  a proton and an electron.  They have good ionizing ability  and reasonably good penetrating power  (30-40 cm in air, a few mm of Aluminium)
The emission of a    - particles  increases the atomic number by 1

  
 -rays:  This is high energy electromagnetic radiation. It is released because the protons and neutrons rearrange themselves inside the nucleus.  It is poor at ionizing, but has very good penetrating power. It can even pass through a few cm of lead.
The emission of a    -ray has no effect on the mass and atomic numbers.

In summary
	
	nature
	charge
	Range
	ionising ability
	penetrating ability

	 - particles:  
	helium nucleus
	+
	2 – 3 cm air
	best
	worst

	 - particles:  
	electron
	-
	30 cm air
	
	

	 -rays:  
	em radiation
	0
	thick lead
	worst
	best





Detectors: Geiger-Mueller Tube
This a metal  cylinder  containing  a mixture of argon and bromine at low pressure.  An electric field exists in the tube as shown.

++++
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If ionizing radiation should enter the chamber, the ions it creates flow towards either the anode or  cathode and for a few moments a current will flow. The counter can be used to register for how long the current flows, and therefore how much radiation is present.

The Law of Radioactive Decay
The law of radioactive decay states that the number of disintegrations per second is proportional to the number of nuclei present (N).



 is known as the decay constant. A high value indicates a very radioactive material.

Radioactivity is often measured in terms of the half-life of an element.

The half-life of an element is the time taken for half of the nuclei in any given sample to decay

or 
The half-life of an element is the time taken for the activity of any given sample to decrease to half its original value

The half-life is related to the decay constant by the formula:


The unit of activity is the becquerel:
One becquerel is defined as the disintegration of one nucleus per second


Nuclear Fission

Nuclear fission is the breaking up of a large nucleus into two smaller nuclei of similar size with the release of energy

Most uranium is 238U. A relatively rare isotope however is 235U.  This isotope is the most important atom likely to undergo fission.   When bombarded with neutrons, it splits in two to create Barium and Krypton, along with the release  of  2 or 3 neutrons.


92 protons

143 neutrons
neutron
barium
krypton
+ energy







If on average one of these neutrons should go on to create fission in another atom, the reaction is sustained with the gradual release of energy. If, on the other hand, all 2 or 3 neutrons create fission in another atom, the reaction quickly escalates in what is known as a chain reaction. The amount of energy released is enormous.  The difference is the difference between an atomic bomb and a nuclear power station.  

When a piece of U-235 exceeds a particular mass, it is most likely that a chain reaction will occur. This mass, known as the critical mass, is about 10kg.

[image: ]
STS:	Fission Reactor
In a fission reactor, the fuel rods are enriched uranium, i.e. uranium which is mainly U-235.  
The control rods are there to absorb neutrons, and thus control the speed of the reaction.
The moderators slow down neutrons, as they are most efficient at creating fission when they are travelling slightly less than the speed at which they are emitted from the atom.  
The energy released turns water to steam, which drive the turbines.
Control rods
Fuel rods
Moderators 
steam
water
coolant






















Fusion
Nuclear Fusion occurs when two small atomic nuclei join together to form a larger nucleus, accompanied by the release of large amounts of energy. 
It is the reaction which sustains the sun and other stars.

One form is the fusion of  Deuterium () atoms (an isotope of hydrogen) to form helium.


As a source of energy Fusion offers huge advantages:
· we have a huge resource of fuel – the seas are full of hydrogen.
· there are no dangerous waste products
· a large amount of energy is released

Unfortunately the reaction only takes place at extremely high temperatures (>1 000 000 K), and creating and sustaining these temperatures in a safe manner is very difficult. 

Sample Questions
2014 question 8
A nuclear reactor is a device in which a sustained chain reaction takes place. From each nuclear fission, only one (on average) of the emitted neutrons hits another nucleus to cause another fission. The power output from a sustained nuclear reaction doesn’t grow, but is constant.

Explain the underlined terms. (9)
A chain reaction is one which is maintained by its own products.  In the case of nuclear fission, the reaction is begin with the use of neutrons. Neutrons are also produced during the reaction and these help to sustain the reaction.

Nuclear fission is the  splitting of a large nucleus to produce two smaller nuclei of roughly equal size, along with the release of energy.

A substance called a moderator is mixed with the fuel in a nuclear reactor. Control rods are used to control the rate of the reaction.
Give an example of a moderator.
Heavy water, regular water and graphite have all been used as moderators in nuclear reactors

Explain (i) why a moderator is needed in a nuclear reactor and (ii) how the control rods affect the rate of the reaction. (15)
The neutrons released during nuclear reactions are travelling at high speed, but nuclear fission is induced by the use of thermal (or slow-moving) neutrons. The moderators slow the neutrons down, which maintains the chain reaction

Control rods are used to absorb neutrons. In doing so they are removed from the fuel. This slows down the chain reaction, and – if enough neutrons are absorbed – it can stop the reaction altogether

A heat exchanger is used in a nuclear reactor. Explain how the heat exchanger operates. Why is it necessary to use a heat exchanger? (10)
A heat exchanger is any system whereby heat energy is transferred from one material (usually a fluid) to another.  It is needed here, so that the energy released from the atomic nuclei can be used to create electrical energy. In this instance, the heat energy is first absorbed by a coolant, which in turn boils water. The steam is then used to turn a turbine and create the electrical energy.




Plutonium is produced in a fission reactor when one of the neutrons released in the fission reaction converts uranium–238 into plutonium–239 with the emission of two beta-particles.
Write an equation for this nuclear reaction. (10)



Each fission of a uranium–235 nucleus produces 202 MeV of energy. Only 35% of this energy is used to generate electricity. How many uranium–235 nuclei are required to undergo fission to generate a constant electric power of 1 GW for a day? (12)


Energy needed for 1 day


Energy from 1 fission

Energy for electricity 


No of fissions 







Particle Physics


Conservation in nucelar reaction
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· Neutrinos
Mass to energy conversions 
· Acceleration of protons
· Cockroft and Walton
Energy to mass conversions
· Particle accelerators

Fundamental forces
· Strong nuclear force
· Weak nuclear force
· Electromagnetic force
· Gravitational force

Antimatter
· Positron
· Pair production
· Annihilation
Families of particles
· Particle zoo
Quark  model
· Leptons baryons
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Nuclear Reactions
In all nuclear  reactions, the following  will be observed:
· conservation of mass-energy
· conservation of electric charge
· conservation of momentum

It is important to remember that mass must be treated as a form of energy: mass can be converted into energy and vice versa, according to Einstein's  equation 



Cockroft-Walton
The Cockroft – Walton experiment was the first  splitting of the nucleus, using artificially accelerated particles.   Most importantly, it was the first experiment to verify Einstein's equation.
In it they accelerated a proton into a Lithium target, and produced two alpha-particles:
Lithium target
 -particles
 protons
400 000V
 0V
detector













They noted a considerable gain in energy, and a slight loss in mass. In other words, after the reaction, some mass had 'disappeared', but energy had 'appeared'.  It turned out that the loss in energy and gain in mass fitted perfectly with Einstein's equation: the mass had been converted into other forms of energy.



This was a very early linear particle accelerator.  In researching subatomic particles today, circular accelerators such as those at CERN are more common. Using magnetic fields, these move the particles in a circular path, and accelerate them using potential differences.  As the particles reach very high speeds, there is a great deal of energy present, which can lead to the creation of particles  (as  , the greater the energy, the greater the mass, and the greater the number of particles that may be created).

Particle Zoo
Work in these accelerators meant that the old idea that the proton, neutron and electron were the fundamental particles had to be abandoned. Many hundreds of subatomic particles were discovered over a few decades. So great was the variety of particles, and there was so little apparent order into which the particles could be categorised, that they became known as the 'particle zoo', by comparison with the many entirely different species found all jumbled together in a typical zoo.

Anti-matter
It also became clear that for every particle, there is an anti-particle: when particle and anti-particle meet, they annihilate each other, and produce 2 -rays.  Examples are the electron and the positron (almost identical to the electron , but opposite in charge).
e+
e-
-rays





Pair production is the opposite of  annihilation.  In it, a photon hits the nucleus of an atom, and an electron and positron (for example ) are formed.  If sufficient energy is present, larger particles will be formed. 
e-



The Neutrinoe+
nucleus

It was noticed in the 1920's that in some reactions, momentum did not seem to be conserved. One example was the emission of a -particle from the nucleus of an atom. There did not seem to be any particle travelling in the opposite direction to balance the momentum of the -particle. It was suggested that there was, but that this particle was very small and uncharged, and therefore very difficult to detect.  This tiny particle  was eventually proven to exist and it is called the neutrino.


QuarksCarbon-14 nucleus
Beta-particle
In this scenario, the momentum is initially zero, but after the beta-particle comes out of the nucleus, it has a momentum in the direction in which it moves, and the total momentum is no longer zero. This contradicts the principle of the conservation of momentum
Carbon-14 nucleus
Beta-particle
neutrino
Here, the momentum is initially zero, and after the two particle move away from the nucleus, it is still zero (the momentum of the two particles are equal in magnitude and opposite in direction and so add up to zero) 

Eventually, some order was found in the mess of particles that made up the particle zoo. It was decided that there are two categories of fundamental particle: leptons and quarks. Leptons (such as electrons) are often found by themselves, whereas quarks come together to make up different particles.
Matter is now believed to be categorised like this:

Particlese.g. electrons, 
various neutrinos
e.g. protons, neutrons
e.g. pions, kaons


Leptons                                                           Hadrons

                                                                                          Baryons                                   Mesons		 
                					   (3 quarks)	                  (quark + anti-quark)
 
 The different quarks and antiquarks are……
	Name
	charge
	name
	charge

	up           (u)
	

	
anti-up       ()
	


	down      (d)
	

	
anti-down  ()
	
· A protom is made of 2 up and 1 down quark (uud)

· A neutron is made from 2 down quarks and 1 up quark (udd)


	charmed  (c)
	

	
anti-charmed ()
	


	strange    (s)
	

	
anti-strange  ()
	


	top           (t)
	

	
anti-top         ()
	


	bottom    (b)
	

	
anti-bottom  ()
	





Quarks are unusual particles. They never exist by themselves, and so can never be directly seen. There is a lot of evidence however that they exist. So, for example, if a particle is made of 2 up-quarks and 1 down-quark, it has a total charge of +1  ()  (it would in fact be a proton). If it consisted of a strange-quark and an anti-bottom-quark, it would have a charge of 0 (), and it would be a meson.

Fundamental Forces
The four fundamental forces of nature, and all that you are required to know about them,  are shown here

	force
	relative strength
	acts on:
	occurs where
	Range

	gravitational
	weakest
	all particles
	everywhere
	Infinite

	weak nuclear
	
	all particles
	-decay
	10-1 8m

	electromagnetic
	
	charged particles
	atoms / molecules
	Infinite

	strong nuclear
	strongest
	protons / neutrons
	nucleus
	10-1 5m




Sample Question
2014 q 11
(i) Electrons are leptons. List the three fundamental forces that electrons experience in increasing order of strength.
They experience the Gravitational, weak nuclear, electromagnetic forces.
(ii) Write an equation to represent the pair annihilation described in the text.

[bookmark: _GoBack]    
Sometimes also represented as:

     
(iii) Calculate the frequency of each photon produced in this pair annihilation.

Mass of electron + positron
Energy released:           

           

Energy per photon:    

Using , 

         

(iv) Why do the photons produced in pair annihilation travel in opposite directions?
Momentum is always conserved in nuclear reactions. The total momentum before the collision is zero, as the electron and positron travel in opposite directions. Therefore the total momentum after the interaction must also be zero. 
The photons each momentums that are equal in magnitude but opposite indirection, producing a total momentum of zero. 

(v) Write a nuclear equation to represent the decay of carbon–11.

       
(vi) What is the value of the decay constant of carbon–11?

From the tables:     

rearranging:           

(vii) Explain why the carbon–11 nuclei used in the PET scanner must be produced in a cyclotron in, or close to, the same hospital as the scanner.
The Carbon-11 has a half-life of only 20 minutes. This means that half of any sample will be lost in 20 mins, three quarters in 40 mins etc.  
Obviously it involves much less waste if the sample can be produced only when needed and used quickly, as will be the case if it is produced in the same hospital.


(viii) Give an expression for the momentum of a particle in the cyclotron in terms of the magnetic flux density of the field, the charge on the particle and the radius of its circular path at any instant.

To find momentum:     

The particle travels in a circular path due to the magnetic field. 

The force created is: 
(where q is the charge, B is the magnetic flux density)


Also, the circular path shows the force involved is a centripetal force, and therefore:     


Equating these two:     

Rearranging:                   

subbing in:                   

and:                            
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