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Unit 5: Nuclear Physics and Thermal Physics

Nuclear Physics
General Overview:

Radioactivity is the spontaneous disintegration of an atom, from which may be emitted some or all of the following:

· (-particles

· (-particles

· (-rays

The process represents an attempt by an unstable nucleus to become more stable. A source of radiation continuously emits energy in large quantities as:

· kinetic energy of ejected particles and / or

· (-radiation

Natural sources of radiation include cosmic rays, rocks (e.g. granite), luminous paint and television screens. These contribute to background radiation, which must be taken into account in the measurement of activities of radioactive sources.

Types and Properties of Radiation:

(-particles: 
These are relatively large particles composed of 4 nucleons – 2 protons and 2 neutrons (the same configuration as a He nucleus).

(-particles:
These are relatively small particles which are electrons travelling at high speed (close to c).

(-rays:
These are electromagnetic waves and, therefore travel at the speed of light.

All types of radiation originate in the nucleus, not in the cloud of electrons orbiting it. (-radiation are the result of the ejection at high speed of (-particles from a heavy nucleus (e.g. uranium (92) – high atomic no. - Proton no.). 

(-radiation is the result of the emission of an electron ((- decay) or a positron ((+ decay). (- emission is characteristic of nuclei having a large proportion of neutrons (neutron changes to proton). (+ emission is characteristic of nuclei having a large proportion of protons. The ejected electrons come from the nucleus rather than from the electron cloud, and yet do not exist as electrons while in the nucleus. (-rays, being electromagnetic waves have properties similar to X-rays, but originate in the nucleus and generally have a smaller wavelength. When a nucleus is excited it can return to its ground state by emitting a (-ray. It is often found that ( and ( emitters also emit (-rays because nuclei are frequently produced in excited states as a result of their decay. However, many radioactive substances do not emit (-rays as the resultant nuclei are produced in the ground state.

Table of properties of the different types of radiation:

	Property
	(
	(
	(

	Nature
	Helium nucleus
	Fast electron
	EM radiation

	Charge
	+3.2 ( 10-19C
	-1.6 ( 10-19C
	0

	Rest mass
	6.4 ( 10-27kg
	9.1 ( 10-31kg
	0

	Energy
	~ 6 MeV
	~ 1 MeV
	hf ~ 0.01 MeV

	No. of ion pairs per cm of air
	~ 105
	~ 103
	~ 10

	Fluorescence on phosphor
	Yes
	Less than (
	Very little but is observed with Sodium Iodide

	Effect on photographic plate
	Yes
	Yes
	Yes

	Absorption: stopped by up to
	(10-2 mm Al or tens of mm of air
	(mm Al or metres of air
	(100mm Pb

	Path through matter
	Straight
	Tortuous
	Straight

	Speeds
	(107 ms-1
	(108 ms-1 but variable
	3 ( 108 ms-1


The Existence of the Nucleus

In the early 20th Century, it was known that a negatively charged particle called an electron could be removed from the atom leaving the atom with an overall positive charge. JJ Thomson proposed that the atom consisted of a positively charged “dough” with electrons embedded within it, much like plums in a plum pudding – which can be removed from the pudding individually. There is no nucleus and no free space in Thomson’s model. This model of the atom is known as the “Plum Pudding” model. 
[image: image1.png]



Positively charged alpha particles fired at the dough would be deflected by the positive charge of the “dough”, but only through small angles.
Rutherford Scattering:

This involves firing high speed (107ms-1) α-particles at gold foil. The foil is very thin and ideally is only a few atoms thick.
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The momentum of an α-particle is relatively large and if the positive charge of the dough was as spread out as Thomson suggested, the alpha particle would not be deflected through very large angles.
However, one in many thousand α-particles was deflected through a very large angle, which means that Thomson’s model was incorrect. The back-scattering of the alpha particles indicated that the positive charge within the atom was concentrated, not spread out, as the force required to change the momentum of the alpha particle needs to be very big.
The nucleus also contain the vast majority of the mass of the atom as the alpha particle must approach a charged object much more massive than itself to experience such a change in momentum. Compare a ping pong ball rebounding off a snooker ball with the collision of two snooker balls.

Most of the alpha particles pass through undeflected, indicating that the atom is mostly empty space.

A few alpha particles are deflected through small angles as they pass close to the nucleus.

The α-particles never touch the nucleus, the electrostatic repulsion experienced between them is too great. While in the vicinity of the nucleus the alpha particles travel in curved paths as they are repelled by the nucleus. After passing the nucleus the α-particles carry on moving in a straight line due to Newton’t 1st law.

Radiation Hazards

A source should never be present inside the body, since at all times its radiation will damage the living cells. Therefore protective clothing should be worn to prevent the contamination of the body by radioactive substances. For example, strontium-90 is absorbed into the bones where its radiation damages bone marrow.

An external source is less dangerous, because it will only cause damage while it is close to the body. Even while it is there:

(i) The (-radiation cannot penetrate the skin and the uppermost layers of skin are dead. Care must still be taken because some (-emitters create radioactive gaseous daughter products which can be absorbed into the body.
(ii) The other radiations can be screened: e.g. (-radiation by a sheet of Perspex, and (-radiation by tens of mm of lead or a few metres of concrete.

(-radiation will penetrate soft tissue and will cause ionization within the body, potentially causing damage to DNA molecules. This may result in cancer.

(-radiation will penetrate the body and the majority will pass through without being absorbed, although of the radiation absorbed more will be absorbed by bones than soft tissue. (-rays will cause ionization within the body, potentially causing damage to DNA molecules. This may result in cancer.

As a general rule materials will not become radioactive on exposure to radiation.

The dose absorbed by a medium is measured in Jkg-1: it tells us the energy absorbed by unit mass of irradiated material.

Background Radiation

Background radiation occurs naturally due either to cosmic radiation or, in certain areas, rocks. To take account of background radiation, the count rate without the source present should be measured over ten minutes or more, to give an average value for the no. of counts per minute due to background radiation. The background count rate must then be subtracted from the count rate measured with the source present. This gives the true count rate due to the source only.

For example:

	Counts in 10 min with source present
	Background Count in 10 min without source present
	Corrected Counts in 10 min
	Corrected Count Rate

(s-1)

	2350
	200
	2150
	3.58

	4650
	200
	
	

	6450
	200
	
	


Methods of Detection:

Most detectors indicate the arrival of energy, which may produce:

(a)
Ionization as in the:
(i)
Ionization chamber
(ii)
Geiger-Muller (GM) tube

(iii)
Cloud chamber or bubble chamber
(iv)
Spark counter

(b) Exposure of a photographic emulsion

(c) Fluorescence in the phosphor of a scintillation counter

Ionization Methods

Ionization is the removal of one or more of the extra-nuclear electrons from an atom, thus creating an ion-pair, consisting of the removed electron, negatively charged, and the massive remainder of the atom, positively charged. All radiations can produce ionization of the atoms of solids, liquids and gases.

(-particles have the greatest ionizing power of the three types of radiation, because:

(a) They have twice the charge of a proton, which enables them to attract electrons strongly.

(b) They travel comparatively slowly and consequently remain a relatively long time in the vicinity of each atom 
near their path.

Ionization needs energy, and each ion pair formed results in the ionizing agent losing that amount of kinetic energy. (- and (-particles of given energy in a given medium are fairly constant, as these particles are slowed down in a large number (103 – 105) of very small steps, in each of which an ion-pair is formed.

X- or (-rays are absorbed exponentially as a quantum usually loses all its energy or much of it in a single event. The X- and (-rays cause ionization by ejecting electrons (secondary radiation).

Ionization Chamber
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Radiation, which enters the chamber, ionizes gas molecules by collision, and the applied p.d. causes an electrical pulse to pass through the circuit. The pulse can be used to activate:

(a) An amplifier and loudspeaker

(b) An electronic counting device called a scaler

(c) A ratemeter, which records the average rate of pulse arrival

The GM Tube
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This is a very sensitive type of ionization chamber. Ionising particle enters the tube and cause a charge “avalanche”. The pulse of current creates a voltage pulse that is counted electronically. Each pulse lasts about 200(s, so if ionising particles follow each other more frequently than this they will not be counted separately. The GM tube is said to have a dead time of about 200(s.

(-rays easily penetrate the walls of the tube but less penetrating radiation enters through the mica window. For detection of (-particles and slow (-particles the window has to be extremely thin. The efficiency of a GM tube is near 100% for alpha and beta radiation, but much lower for gamma, because it is less strongly ionising.
The Cloud and Bubble Chamber

A charged particle travelling at speed leaves behind a trail of ions. If these occur in a region in which there is a vapour about to condense, then the ions will encourage the formation of droplets – a cloud chamber.

If the particle passes through a liquid that is about to boil, then the ions will encourage the formation of vapour bubbles – a bubble chamber. 
Either will leave a trail to show a path of the particle, which may be photographed, if the chamber is brightly lit from the side:
[image: image3.jpg]



In this picture a large number of particles enter the chamber from the left and leave a string of bubbles as they pass through. A magnetic field is applied into the page to cause charged particles to move in circular paths. Some particles travel in clockwise circular paths, others in anti-clockwise circular paths, it depends only on their relative charge, positive or negative. Uncharged particles travel in straight lines.
Particle Tracks in Cloud and Bubble Chambers without the application of a magnetic field:
(-Particles:

Bold and straight tracks.

(-Particles:
Much fainter than alpha particles due to weaker ionizing power. If travelling slowly tracks are short and very tortuous due to deflections by atomic electrons. If travelling fast, track is a straight line (0.5c or greater).

X-rays and (-rays:
There are no tracks for these radiations. X or (-ray photons do cause secondary radiation in the form of (-particles by ionising atoms that they collide with. The secondary radiation tracks are short wandering ones.

As mentioned above, cloud and bubble chambers often have magnetic fields applied through them so that any charged particle passing through the chamber will be deflected. The amount of deflection depends on the strength of the magnetic field, the charge of the particle and its momentum. This is done to determine a particle’s momentum, and hence, its identity. The direction of the force can be found using Fleming’s left-hand rule.
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Particle of charge +Q travelling across the page with a uniform magnetic field acting into the page. First finger indicates B field, second finger indicates the direction in which the particle is moving, the thumb indicates the direction of the force (towards the centre of the circle C). A force in the opposite direction is experienced if the particle had an opposite charge.

Interpreting Bubble Chamber Pictures

Consider the following:
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This bubble chamber photograph shows a number of different events in particle physics. 
Tracks of interest:

The tracks beginning just to the left of A curve round in opposite directions in ever decreasing circles 

What is going on?

The bubble chamber is within a magnetic field. The X to the right of B tells us that the direction of the magnetic field is into the chamber. The red particle track (ACW) is that of a positively charged particle, the blue particle track (CW) is that of a negatively charged particle.

Interpretation:

Between the two arrows a photon travels a distance of 11.5cm, it then decays into a positron (red track ACW) and an electron (blue track CW). At A the photon decayed into a positron and an electron which have the same momentum – you can tell because they have the same radius of curvature to start with. This therefore tells us that the positron (the antiparticle) has the same mass as its corresponding ordinary particle, the electron. 

We have used a picture of something that happened in a few billionths of a second to determine the mass of a particle of antimatter!

Other Radiation Detectors:

The Spark counter

This uses the ionization produced by particles to trigger a spark discharge in a region where air is close to breakdown in a strong electric field.

Photographic Emulsion Methods
A primary ion colliding with an emulsion gives a line of silver grains on processing. This enables a well-defined permanent record to be made, which can be made three-dimensional by stacking the plates.

Scintillation Methods
The impact of radiation on a suitable material (which can be matched to the radiation) causes the emission of a minute flash of light – a scintillation. A scintillation counter consists of an appropriate phosphor combined with a photomultiplier tube, which enables the weak flashes produced by (-particles and (-rays to be detected. Scintillation detectors have several advantages:

(a) The energies of the particles detected can be measured.

(b) They can deal with very high counting rates with pulse durations as short as 1ns (10-9s).

(c)
Their efficiency in counting X-rays is nearly 100%.

Inverse Square Law for (-radiation

To investigate the effect of distance on (-radiation it is better to turn the G-M tube with its side facing the (-source. Measure the distance d from the source to the side of the G-M tube. Possible values are shown below. In each position take a reading of the count rate. Record a reading of the background radiation count rate. (Count Rate = No. of counts / Time of counting)

The count rate falls off rapidly as the G-M tube is moved away from the source, but it does not fall to zero. With (-radiation, the drop in count rate is not a result of absorption of the radiation by the air, since (-radiation has only a very weak ionising effect on air molecules. Rather the cause is “spreading” out or “dilution” of the radiation as it gets farther away from its source.

The inverse-square law, which applies to light and all other parts of the EM spectrum, also applies to (-radiation.
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	x (m)
	1/x2 (m-2)
	Count Rate (Counts s-1)
	Corrected Count Rate (Counts s-1)

	0.04
	
	
	

	0.08
	
	
	

	0.12
	
	
	

	0.16
	
	
	

	0.20
	
	
	

	0.24
	
	
	


A graph of Corrected Count Rate (y axis) against 1/x2 (x axis) will yield a straight line passing through the origin leading to the relationship:
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where I is the intensity at a distance x from the radioactive source and I0 is the intensity when x = 0.
Therefore,
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where k is a constant. k will depend on a number of factors: total radiation emitted per second, total radiation counted per second and the area of the GM tube window.
The Random Nature of Radioactive Decay

Individual nuclei decay independently and so the decay is a random process. In a small sample the number of radioactive nuclei is still very high so the decay process can be treated statistically. We can, therefore, determine the rate at which a parent element disintegrates into its daughter element.

Suppose at any instant there are N active nuclei present in a sample. We assume:

Rate of disintegration ( No. of nuclei available to disintegrate

Therefore,
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where ( is the radioactive decay constant (s-1)
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is called the Activity, A, of the source and is equal to the number of decays s-1
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The unit for Activity is called the Becquerel, Bq, 1 Bq is equal to 1 decay s-1.
Suppose at t=0 we have N0 active nuclei, and after a time t we have N active nuclei. Then:




N = N0 e-(t

The number of parent nuclei present decays exponentially.

Half Life

The half life of a radioactive substance is defined as the time it takes for the no of unstable nuclei to halve, or the time taken for the amount of radiation emitted by a sample to halve. However large or small the number of unstable nuclei and however many unstable atoms of a particular kind it contains, the half-life is constant. Over a half-life each atom has a 50% chance of decaying. However, the decay of atoms in a sample appears to be totally random in two ways:

(a) we cannot tell which particular atoms are going to decay

(b) we cannot tell when they are going to decay
For the very large number of atoms in the sample, the random decay of individual atoms is averaged out to give a constant half-life for the sample as a whole. 

The probability of decaying is unaffected by physical conditions like temperature, pressure and is independent of the state of matter (solid, liquid or gas), or any chemical reactions that may be going on.
The half-life of some substances is very long, for example, 
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, thorium has a half-life of 14000 million years. 
The half life of other substances is very short, for example, 
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, iron has a half life of 90ms.
Half-Life (T1/2)

The equation:
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 expresses the exponential nature of radioactive decay. Although it is impossible to predict when a particular nucleus will decay, it is possible to predict when a certain proportion of a large number of nuclei will have decayed over a period of time.
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The decay equation represents this graph mathematically. After 1 half life, T1/2, the no. of remaining nuclei is 
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Using Log graphs to determine the decay constant, λ:
In an experiment with a radioactive material, the amount of radiation emitted decreases with time. The amount of radiation is proportional to the number of remaining nuclei and the equation that describes how the number of nuclei changes with time is: 
N = N0 e-(t
If we take logs of both sides:
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And rearrange the equation: 
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Comparing with the equation of a straight line:
y = mx + c



It can be seen that plotting a graph of ln N versus time will yield a straight line graph.

Now answer the following:

1. How can the graph be used to find the activity when the time is zero?
2. How can the graph be used to find the radioactive decay constant?
3. How can the graph be used to find the half life of the sample?
Use the data below to plot such a graph:
	Time (hours)
	Counts in 1 minute
	Count Rate (s-1)
	Corrected Count Rate (s-1)

	0
	800
	
	

	1
	644
	
	

	2
	544
	
	

	3
	466
	
	

	4
	395
	
	

	5
	328
	
	

	6
	266
	
	

	7
	227
	
	

	8
	187
	
	

	9
	153
	
	

	10
	127
	
	

	11
	115
	
	

	12
	96
	
	

	13
	81
	
	

	14
	69
	
	

	15
	61
	
	

	16
	51
	
	

	17
	42
	
	

	18
	34
	
	

	19
	27
	
	

	20
	21
	
	


The background counts in 10 minutes were 202. Make sure you take account of this reading before plotting your graph.

What was the activity when the time was zero?

What is the radioactive decay constant in s-1?

What is the half life of the sample in seconds?
Half Life and Radioactive Carbon Dating
The half life of carbon-14 is 5700 years. Carbon-14 makes up a tiny percentage of the carbon that exists in the environment, but as it is chemically identical to carbon-12 our bodies use it in the same way, it is a tiny part of the food we consume and a tiny part of the carbon dioxide we breath out. 

While an organism is alive it exchanges carbon with the environment by consuming carbon based foods and breathing out carbon dioxide as a result of respiration. A particular organism that remains a constant size has no net gain or loss of carbon dioxide while it is alive. 

When the organism dies, the amount of carbon-14 it contains decreases as it decays by β- decay to nitrogen-14 and leaves the organism. If we are able to estimate how much carbon-14 it contained when it died we can calculate roughly how old the organism was.

Example: 

A fragment of bone contains 6μg of carbon-14. If the bone contained 96μg when the organism was living, how old are the remains of the organism?

96 ( 48 ( 24 ( 12 ( 6
so 4 half lives have elapsed, therefore, 4 x 5700 = 22,800 years

A harder question would involve using the equation: N = N0 e-(t
Harder Question:

A fragment of bone contains 6μg of carbon-14 and is 22,800 years old.
(a) What mass of carbon-14 was present when the organism died?

(b) How many atoms of carbon-14 are present in the sample now?

(c) What is the radioactive decay constant in seconds?

(d) How many atoms of carbon-14 would have been present in the sample when the organism died?
(e) How many atoms would have been present in the sample after 10,000 years?
Graph of N against Z for stable and unstable nuclei:

Within the nucleus there is a delicate balance between the electric force (pushing the protons apart) and the strong force (keeping the nucleons together). 

Neutrons are an advantage in this balance, since their presence in the nucleus increases its size and so increases the distance between the protons. 

All stable nuclei (Except 
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) contain at least as many neutrons as protons, while heavy nuclei contain substantially more neutrons than protons.
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Nuclear Instability
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The N–Z graph shows the different types of radioactive decay:

1.
Alpha-emitting nuclei are very large nuclei with too many neutrons and protons. An alpha decay on the graph is a downward change parallel to the stable N-Z line involving a loss of two neutrons and two protons.

2.
(- emitting nuclei are neutron rich and become more stable by changing a neutron into a proton.

3.
(+ emitting nuclei are proton rich and become more stable by changing a proton into a neutron.

A radioactive decay series is a sequence of decays starting from a large unstable nucleus. Each decay in a series has a characteristic half-life which can be from microseconds to billions of years. For example, uranium-238 has a half-life of 4500 million years which is why it is still found in the Earth's crust.

Artificial unstable isotopes can be produced by bombarding a stable isotope, usually with neutrons, in a beam or in the core of a nuclear reactor. Such isotopes are used in a wide range of medical and industrial applications:

1.
Neutron bombardment produces neutron-rich nuclei, which are (- emitters.

2. Proton bombardment produces proton-rich nuclei, which are (+ emitters.

Changes of Z and A caused by decay:

Radioactive decay occurs when an unstable nucleus emits alpha, beta or gamma radiation in order to become more stable. In this process the radiation carries away energy as it is emitted from the nucleus, resulting in a reduction in energy of the nucleus.

Emission of an alpha particle occurs when a nucleus ejects 2 protons and 2 neutrons, reducing its nucleon number by 4 and its proton number by 2. In this process a new chemical element is produced – this is called transmutation. For example, the decay of uranium-238 into thorium-234 by the emission of an alpha particle is written as:
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Just as with chemical equations, nuclear equations have to balance. In this case we start with 238 nucleons in the uranium atom (146 neutrons and 92 protons) and finish with 234 nucleons in the thorium atom (144 neutrons and 90 protons) and 4 nucleons in the He nucleus (2 neutrons and 2 protons).

(- emission involves a neutron decaying to form a proton and an electron. When this happens, the proton number of the nucleus increases by 1, leaving the nucleon number unchanged. The decay of carbon-14 by (- emission is as follows:
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When a nucleus emits alpha or beta particles it is often left in an excited state, that is, a state in which it has excess energy. In order to lose this excess energy and become more stable, the nucleus may emit a gamma-ray. Thus, gamma emission is often part of a two-stage process, with alpha or beta emission preceding the gamma emission. Since the composition of the nucleus is unchanged in this process, the element itself remains unchanged. An example of gamma decay is the decay of cobalt-60, often used in producing gamma radiation for industrial and medical purposes. As the equation shows, the actual emitter of the gamma rays is nickel, produced when cobalt undergoes beta decay.
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In the example of the decay of cobalt-60, the product of the first disintegration, the daughter nuclide, was itself unstable and underwent further changes. It is possible for a nucleus to undergo a whole series of changes, resulting in a radioactive series:
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Beta Decay

(- Decay:
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This occurs in a neutron-rich nucleus.

A neutron decays into a proton - one of its down quarks changes to an up quark and emits an electron and an antineutrino.

(+ Decay:

This occurs in a proton-rich nucleus.

A proton decays into a neutron – one of its up quarks changes to a down quark and emits a positron and a neutrino.

Electron Capture:


This is the absorption of an atomic electron from an inner orbital by a proton in the nucleus.

The proton decays to a neutron, emitting a neutrino.

Electron-proton Collision

An electron collides with a proton, emitting a neutron and an electron neutrino.

General Decay Equations

( Decay:
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(- Decay:
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(+ Decay:
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( Decay:
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Nuclear Excited States

After emission of ( or ( particles a nucleus may still have excess energy – it is excited.

The excess energy may be manifested as vibrations (hence deformation) or rotation of the nucleus.
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The nucleus may get rid of this excess energy by emitting a (-ray.

Uses of (-Ray Sources
(-ray sources are used for medical purposes as tracers. The source is ingested and the progress of the element can be tracked through the body. The advantages include avoiding unnecessary surgery to study the function of internal organs and real-time images of the internal organs.
Technetium-99m is one such source.

It is used because:
90% of its radiation is (



Its half-life is 6.0hours

The half life needs to be sufficiently long that the doctors are able to study the function of the organ under scrutiny, but not too long that the patient’s body suffers unnecessary damage due to radiation exposure.

Nuclear Radius

The radius of the nucleus is of the order of 10-15m, whereas the radius of an atom is of the order of 10-10m. Both radii are too small to use visible light to see which has a wavelength of 400-700nm because diffraction causes blurring at sizes approaching the wavelength of light.

X-rays can be used to image the structure of crystalline substances as X-rays have a wavelength of 10-10m, but are not very good for forming images, as they are difficult to refract and focus (using lenses).

Electrons have a wavelength associated with their momentum:

(deBroglie wavelength)
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( = wavelength, m 

h = Planck’s constant, Js

m = mass, kg

v = velocity, ms-1
The advantages of using electrons are twofold:

1. Their wavelength can be controlled by changing their kinetic energy, by adjusting the accelerating voltage.

2. They can be focussed electromagnetically because they are charged.

Electron microscopes are used to resolve down to the atomic scale.

The electron diffraction tube:


The ring diameters can be used to calculate the spacing of atomic layers in the crystal causing the diffraction.

At very high voltages electrons have been used to probe the structure of protons and neutrons – revealing 3 point-like particles within each nucleon. 

Thus providing evidence for the quark theory of matter.

Neutron Scattering

These can also be used to probe the structure of matter in a different way. 

As neutrons are not charged, they do not interact with the electrons orbiting a nucleus and they will penetrate deeper into a material too.

Nuclear Radius using Alpha Particles
Rutherford was able to work out the radius of a nucleus from his (-particle scattering experiments. 
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As the (-particle approaches the gold nucleus its kinetic energy decreases as a result of the electrostatic repulsion between the positive charges. The energy is stored in the electric field as potential energy (like a compressed spring). 

The equation for electrical potential energy is:
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Where Q1 and Q2 are the charges of the (-particle and the gold nucleus, (0 is the permittivity of free space (8.854 ( 10-12Fm-1) and d is the separation of the two charges. 

At closest approach,
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Substituting for Q1, Q2 and Ek the separation can be found. Typically (-particles are emitted with an energy of 4MeV, the charge of an (-particle is 2e and if the target nucleus is that of gold, its charge is 79e (Z = 79).
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This is the separation of the centres of the (-particle and the gold nucleus at closest approach. The radius of the nucleus can not be greater than this, so it seems reasonable to assume that the nuclear radius is of the order of 
10-14m.

Nuclear Radius using Electrons

High energy electrons have very short deBroglie wavelengths so can be used to probe matter on the atomic scale. The diffraction pattern formed by the electrons is similar to that formed by light when it passes through a small circular hole or a small circular object, of diameter D. The diffraction pattern has its first minimum at an angle (, where sin ( ( ( / D. D can then be found if the deBroglie wavelength of the electrons is known.
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Electron energies of approx. 420MeV are used. So the deBroglie wavelength is:
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Electrons have a major advantage over alpha-particles for these measurements; they are not affected by the strong nuclear force, so they respond only to the charge distribution on the nucleus.

The graph below shows the result of an experiment to probe the structure of carbon-12 with high energy electrons. 
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There is a distinct first minimum at approx. 300. For the first minimum:
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The radius of the carbon nucleus is therefore approx. 3 ( 10-15m.

Some typical values of nuclear radii for different elements:

	Nucleus
	Mass Number, A
	Radius / fm

(1fm = 10-15m)

	1H
	1
	1.00

	4He
	4
	2.08

	12C
	12
	3.04

	16O
	16
	3.41

	28Si
	28
	3.92

	32S
	32
	4.12

	40Ca
	40
	4.54

	51V
	51
	4.63

	59Co
	59
	4.94

	88Sr
	88
	5.34

	115In
	115
	5.80

	122Sb
	122
	5.97

	197Au
	197
	6.87

	209Bi
	209
	7.13


Nuclei with more nucleons are bigger. This may seem like an obvious statement but consider the possibility: All nuclei could just as easily occupy identical volumes and it could be the density of the nucleus that changed. This is not the case, however.

Each nucleon contributes a certain fixed volume to the total nuclear volume. Adding a nucleon to a nucleus increases its volume by the volume of one nucleon and it has been found by experiment that:
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where R is the nuclear radius and A is the nucleon number

Therefore, 
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where k is a constant.

When A is 1, however, R must represent the radius of a single nucleon, r0. From this we can deduce that:
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Substituting back into our original equation,
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Nucleons do not merge into each other in the nucleus; instead nucleons congregate.

All nuclei have approximately the same density.

The density of the nucleus can be calculated using the equation: 
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Where m is the mass of the protons and neutrons in kg and V is the volume of the nucleus in m3.
Nuclear Energy and Radioactive Decay

The Atom

An atom consists of a positively charged nucleus surrounded by negatively charged electrons. 

The nucleus is composed of protons which each carry an equal and opposite charge to the electron, and neutrons which are uncharged. 

The mass of a proton is almost the same as the mass of a neutron. The electron's mass is about 1/1850th of the mass of a proton or neutron.

Atomic number

Each type of atom is represented by the symbol 
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 where X is the chemical symbol of the element, and

1.
Z is its proton number, which is also referred to as its atomic number

2.
A is its mass number (nucleon number), which is the number of protons and neutrons in the nucleus.

Isotopes are atoms of an element that have different numbers of neutrons in the nucleus. For example, the three isotopes of hydrogen are 
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 which consists of 1 proton and 1 electron, 
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 (deuterium) which consists of 1 proton and 1 neutron as the nucleus and 1 electron, and 
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 (tritium) which has one more neutron than 
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 in its nucleus.

The Mole

Atoms and molecules are counted in moles where 1 mole is defined as the number of atoms present in exactly 12g of 
[image: image66.wmf]C
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 (carbon 12) which is 6.02x1023. Carbon-12 is chosen as a reference because it can be separated easily from the other carbon isotopes.

The Avogadro Constant

The number of atoms in 12g of carbon-12 has been measured accurately and is equal to 

6.02 ( 1023. This number is referred to as the Avogadro constant (symbol Na). Thus n moles of substance consisting of identical particles contains n ( Na such particles.

The mass of 1 Mole (Molar mass)
The molar mass M of a substance is the mass of Na (6.02x1023) particles of the substance. Thus the mass of one particle of the substance of molar mass M is equal to 
[image: image67.wmf]Na
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, which is the mass of 1 mole divided by the number of atoms in 1 mole (6.02x1023).
Nuclear Energy

Rest Mass

[image: image68.png]Th-234




The rest mass of the U-238 nucleus is greater than the sum of the rest masses of the Th-234 and He-4 nuclei into which it fissions.

This mass defect is equal to the mass of the kinetic energy shared by the products of this fission reaction.

The equivalence of the mass and energy can be found using the equation E=mc2.

Nuclear Masses

The mass of a nucleus is so small that the kg is too big to be meaningful, so a different unit is used, the atomic mass unit, u.

1 atomic mass unit is defined as 
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 of the mass of an atom of carbon-12. 

1u = 1.661(10-27kg

1 atomic mass unit is approx. the mass of 1 nucleon.

The Energy Equivalent of 1u

1u = 1.661(10-27kg

E = mc2 = 1.661(10-27 ( (3.0(108)2 = 1.49(10-10J

1eV = 1.6(10-19J

E = 1.49(10-10 ( 1.6(10-19 = 931.3MeV

Example:
Calculate the energy released during the alpha decay of U-238:
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	Element
	Atomic masses (u)
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	238.05082
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	234.04364
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	4.00260


Mass defect, 
(m = 238.05082u – (234.04364+4.00260)

(m = 0.00458u

Energy, 

E = 0.00458u ( 931.3MeV = 4.3MeV

This is the energy released in the decay, and would be shared between the thorium nucleus and the (-particle in such a way that linear momentum is conserved. The (-particle gets almost all (234/238) of the available energy.

Note: The mass of the atom also includes the small, but not zero, mass of all the electrons.

nuclear mass = atomic mass – mass of electrons

Energy and Mass Conservation Laws

Einstein’s discovery that energy has mass associated with it, and that mass is just a condensed form of energy means that we have to give up using separate laws for conservation of mass and energy.

Einstein’s equation simply points out that when a mass of 1kg travels from one place to another…

E = mc2 = 1 ( (3 ( 108)2 = 9 ( 1016J

…9 ( 1016J goes with it. 

If energy is conserved, mass must be conserved also. Every transfer of energy involves a transfer of mass.

Photons and Mass

When objects are accelerated there is an accompanying increase in mass. This increase only becomes noticeable when the speed of the object approaches that of the speed of light. Due to the nature of relativity and the associated relativistic equations the mass of the object will rise to an infinite value if it ever reached the speed of light – it would therefore require an infinite amount of energy to do this.

Photons transfer energy (and mass) from one place to another, so how can they travel at the speed of light? The difference between photons and other particles is that photons have zero rest mass. This means that the mass of the photon will not reach infinity when it travels at the speed of light. In fact, photons must travel at the speed of light, if you slow down or stop a photon it ceases to exist.

Units for Mass and Energy

	Unit / symbol
	Used for…
	SI Equivalent

	amu or u
	Atomic and nuclear masses.
	1.66 ( 10-27kg
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	Atomic, nuclear and particle masses.
	1.78 ( 10-30kg
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	Atomic, nuclear and particle masses.
	1.78 ( 10-27kg

	MeV
	Atomic, nuclear and particle energies.
	1.60 ( 10-13J

	GeV
	Atomic, nuclear and particle energies.
	1.60 ( 10-10J


Binding Energy

The binding energy of a nucleus is numerically equal to the work that would have to be done to split the nucleus into its constituent particles.

Binding energy is often expressed in millions of electron volts (MeV), where 

1 MeV = 1.6 ( 10-13J.

The protons and neutrons in a nucleus are bound by the strong nuclear force, which is a short-range attractive force sufficient to overcome the electrostatic force of repulsion between the protons in a nucleus. 

Imagine a collection of free nucleons that come together to form a completely new nucleus. Like radioactive decay, the process would involve conversion of mass to energy. The nucleons would have less mass after getting together than they had before. As a result, the rest mass of the nucleus is less than that of its constituent particles. 

Since rest mass is related to rest energy by the relation ERest = mRestc2, the energy contained in the nucleus is also less than that contained in its constituent particles.

Mass Defect

This difference in mass between the constituent nucleons and the nucleus is known as the mass defect.

Young stars get their energy from the mass defects of helium nuclei:

Mass of a helium atom = 4.002603 u

Mass of a proton = 1.007276 u

Mass of a neutron = 1.008665 u

Mass of an electron = 0.000549 u

1 u = 1.661 ( 10-27kg

A helium atom contains 2 electrons, so:

Mass of a He nucleus =

Mass of 2 protons and 2 neutrons = 

Mass defect = mass of free nucleons – mass of nucleus

Mass defect (in kg) =

Energy released, therefore, is given by E = mc2
Precise measurements of atomic masses using mass spectrometers have enabled nuclear masses to be determined very accurately. 

Hence the binding energy of all known types of nuclei has been calculated. Because the binding energy necessarily increases with the number of nucleons, a measure of the stability of the nucleus is the binding energy per nucleon. 

The binding energy per nucleon is the binding energy divided by the number of nucleons (i.e. neutrons and protons) in the nucleus.
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The binding energy of an unstable nucleus is not sufficient to keep the nucleus intact. The binding energy is due principally to the strong nuclear force acting on every nucleon, giving a contribution proportional to the number of nucleons, A = N + Z. 

However, the electrostatic repulsion between the protons reduces the binding energy, so that additional neutrons are needed to reduce the energy of massive isotopes (they 'dilute' the protons). 

The most stable nuclei with the lowest energy per nucleon occur at about A = 56. Iron, therefore, has the most tightly bound nucleus in the universe. It is found in old star’s cores and when stars go supernova this material is flung out into outer space where it may go on to form planets like the Earth.
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Calculation of Binding Energy

The binding energy of a nucleus can be calculated from the mass difference, referred to as the mass defect, between the nucleus and its separate neutrons and protons. 

Hence for a nucleus with Z protons and N neutrons, mass defect 
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m = (Z mProton + N mNeutron) - mass of nucleus
Therefore the binding energy of the nucleus = 
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The mass of a nucleus is usually given in atomic mass units (1 u). 

1 u = 1.66 ( 10-27 kg.

Hence the rest energy corresponding to:

 1 u = 1.661 ( 10-27 kg ( (3.00 ( 108 ms-1)2 = 1.49 ( 10-10 J = 931.3 MeV.

Thus the binding energy of a nucleus can be calculated in MeV:

Binding energy in MeV = mass defect in atomic mass units ( 931.3 MeV / u.

Calculate the binding energy of a tritium atom (
[image: image80.wmf]H
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), the mass of which is 3.0160u.

Neutron mass = 1.008665u

proton mass = 1.007276u

1u = 931.3MeV

The mass of an alpha particle is 4.001505u. Calculate the binding energy of an alpha particle.

Any constants are as stated above.

Fusion

Fusion has to do with energy released when light nuclei join together.

Fusion is the process of joining together light nuclei to form a heavier nucleus. Energy is released in this process provided the nucleus contains no more than about 50 nucleons.

Light nuclei release energy when they are fused together. This is because the binding energy per nucleon is stronger for larger nuclei than for light nuclei, provided the nucleon number does not exceed about 50. Thus a fused nucleus releases energy because it is more tightly bound than the nuclei from which it was formed.

To make two nuclei fuse together, the nuclei must approach each other to within a distance of (2–3) ( 10-15 m which is the range of the strong nuclear force. This is achieved inside a star as a result of its extremely high core temperature which is maintained by the energy released due to fusion of hydrogen nuclei (protons) to form helium and other nuclei. It is, however, extremely rare, notably because a proton must convert to a neutron during the short collision times, explaining the very long lifetimes of stars in which nuclear fusion proceeds extremely slowly. 

The proton–proton cycle to release energy through fusion is shown below. In this reaction, about 28 MeV of energy is released per helium nucleus formed, which is about 7 MeV per nucleon and thus considerably more than the energy released in fission which is nearer 1 MeV per nucleon.

[image: image81.jpg]The proton-proton cycle





The pressure on the core of a star due to the matter surrounding the core is counterbalanced by the pressure of hot material plus the pressure of the radiation from the core, thus maintaining the core at a constant temperature until all the hydrogen nuclei in the core have been fused to form 

Heavier nuclei

When the hydrogen content of the core of a star has all been fused, the core collapses and the outer layers of the star expand. The star swells out and cools to become a red giant with a core in which helium nuclei are fused to form heavier nuclei.

Fusion reactors attempt controlled fusion in a plasma of ionised hydrogen contained by magnetic fields. The plasma is heated by passing a very large electric current through it. 

The fusion process involves the following stages:


[image: image82.wmf]MeV

0.4

β

 

H

p

p

+

2

1

+

+

®

+


(in the plasma);


[image: image83.wmf]MeV

17.6

n

He

H

H

1

0

4

2

3

1

2

1

+

+

®

+


(in the plasma);


[image: image84.wmf]MeV

4.8

H

He

n

Li

3

1

4

2

1

0

6

3

+

+

®

+


(in a blanket of lithium surrounding the core).

The tritium (
[image: image85.wmf]H
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) formed in the lithium blanket is removed from the blanket and fed into the plasma. Neutrons released in the plasma are absorbed by the lithium nuclei to form tritium nuclei and helium nuclei. Thus the process releases a total of 22.8 MeV for every four protons and neutrons forced to form a helium nucleus. The raw materials are hydrogen and lithium. In theory, the energy released by fusion should maintain the high temperature of the plasma. However, at present fusion in such a reactor cannot be sustained to produce more power than is supplied to it.

Fusion - Calculations

Fusion takes place where two nuclei combine to form a bigger nucleus.

The binding energy curve shows that if two light nuclei are combined, the individual nucleons become more tightly bound.

Binding energy of product nucleus is greater than that of the initial nuclei.

The nucleons become trapped in an even deeper well when fusion occurs.

Energy is released equal to the increase of binding energy.

Fusion Equations

Consider the simple example involving two protons being forced to fuse together to form a deuterium nucleus, 
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Proton mass 

= 
1.00728u

Deuterium mass 
= 
2.01355u

(+ particle mass 
= 
0.00055u

How much energy is released?

Before:
(1.00728 + 1.00728) = 2.01456u

After:

(2.01355 + 0.00055) = 2.01410u

Loss of mass = 0.00046u

Energy released = 0.00046 ( 931.3 = 0.4 MeV

Solar Energy

Produced as a result of fusion reactions inside the Sun, temp. = 109K (or more).

Temp. is so high that atoms are stripped of their electrons, matter in this state is called a “plasma”.

The nuclei of the plasma move at very high speeds due to the high temperature, so they are able to overcome electrostatic repulsion.

They penetrate each other’s electrostatic force field and get close enough that the strong nuclear force takes over and the nuclei fuse.

In the Sun protons (hydrogen nuclei) fuse to become helium nuclei. For every helium nucleus formed about 28MeV of energy is released.

Fusion in the Sun
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Fusion on Earth - Fusion Reactors

The deuterium – tritium reaction is the most practical way to achieve fusion.

The idea is to fuse nuclei of deuterium 
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, and tritium 
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, as below:
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Deuterium is readily available from water since it forms 0.01% of naturally occurring hydrogen.

Tritium doesn’t so is manufactured by bombarding lithium (
[image: image93.wmf]Li
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) nuclei with neutrons which makes it unstable and so emits an (-particle (a He nucleus) and tritium.

A lithium “blanket” surrounds the core to allow this to happen.

Raw materials are, therefore, deuterium and lithium.

Reactor is surrounded by thick concrete to absorb neutrons and protect the operators.

Theoretically, the energy per second is more than enough to maintain the high temp. of the plasma.

In practice, there are 2 major problems:

1. Heating the plasma by passing an electric current through it ((106A). Massive amounts of electrical power!

2. Plasma confinement using B fields – particles are hard to confine as they have so much energy.

Question:

Make an estimate for the minimum speed required for protons to make them fuse on impact. Nuclear changes involve proton energies of 1MeV or more.

Ek = ½mv2

v = 1.8 ( 107ms-1
Use the kinetic theory of gases to estimate the temperature needed to achieve such speed without heating.


Equate kinetic energy with E = 3/2 kT
k = R/NA
T = 5 ( 109K

Melting point of iron = 1.8 ( 103K

Centre of Earth = 4 ( 103K

Fission

Fission has to do with obtaining energy by splitting a large nucleus.

Fission is the splitting of a nucleus into two approximately equal fragments with the release of energy. Neutrons released in this process may go on to induce further fission in other nuclei. Uranium-235 is the only naturally occurring fissile isotope.

A large nucleus may be considered like an oscillating liquid drop. If the nucleus oscillates too much, it divides into two parts which repel each other electrostatically. The two fragments gain kinetic energy as a result and release two or three high-energy neutrons. 

In a nuclear reactor, these neutrons can go on to produce further fission, controlled so that on average exactly one fission neutron per fission causes a further fission. The other fission neutrons are absorbed by other nuclei or escape from the reactor. Thus a chain reaction is established in which fission occurs at a steady rate and energy is released at a constant rate by the fuel rods. 

If more than one neutron per fission goes on to produce further fission, an uncontrollable chain reaction would occur if the rate of fission is not immediately reduced by absorbing more neutrons in control rods.
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The binding energy per nucleon becomes more negative by about 1 MeV as a result of the fission, giving a total energy release of the order of 200 MeV from the fission of a nucleus with about 200 nucleons. The energy released from 1 kilogram of a fissile isotope is of the order of 6 ( 1026 MeV as there are of the order of 6 ( 1026 nucleons in 1 kilogram of a heavy element. Thus the energy released per kilogram of fissile material is of the order of 1014 J which is about a million times greater than the energy released per kilogram of oil and petrol burnt together.

Uranium-235 and plutonium-239 are the two isotopes that release neutrons when fissioned. Uranium-235 and uranium-238 are the two naturally occurring isotopes of uranium with abundances of less than 1% and about 99% respectively. 

Thermal Reactor

In a thermal nuclear reactor, the fuel rods consist of enriched uranium which contains of the order of 2 to 3% uranium-235. Thus enriched uranium releases of the order of 20 000 times as much energy as a fossil fuel does. Fast fission neutrons (energies of the order of a few MeV) have only a very small probability of producing further fission. A moderator surrounding the fuel rods is used to slow the fission neutrons down so they can produce further fission. The fast neutrons collide elastically with the moderator's nuclei and energy is transferred to the moderator as a result. A coolant fluid is pumped through the moderator to remove the energy in the hot moderator material.

Fast Breeder Reactor

In a fast breeder reactor, neutrons released from plutonium-239 produce further fission without the need for a moderator. Plutonium-239 is an artificial isotope created as a result of the decay of uranium-239 which is formed when uranium-238 in a thermal reactor or in a 'blanket' surrounding the plutonium core absorbs a neutron. Thus a fast breeder reactor can produce its own fuel in the form of plutonium-239 from a blanket of uranium-238 surrounding the core. In theory, this process would extend the availability of nuclear fuel by a factor of 50, in effect extending the lifetime of the world's reserves of uranium to many centuries. The problem with doing this is that the breeding time is too slow.
Nuclear power - Fission

Nuclear power is power generated from the nuclear fission of heavy elements such as uranium.

Nuclear power is electrical power produced on a large scale as a result of nuclear fission.

Fission is the process where a nucleus is split into two approximately equal fragments.

The nucleus of the uranium-235 atom and certain other atoms can be split into two fragments as a result of being struck by a slow neutron. This process, known as induced fission, causes about 200 MeV of energy to be released, mostly carried away by the kinetic energy of the fragments. It also releases a further two or three fast neutrons. If slowed down, these neutrons can go on to cause fission in other similar nuclei, leading to a chain reaction. 

In a nuclear power station, the chain reaction is controlled by using neutron-absorbing 'control' rods to ensure that on average only one neutron per fission goes on to produce further fission.
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The core is enclosed in a sealed steel vessel through which a coolant fluid is pumped to remove the energy from the moderator. The hot coolant is passed through a heat exchanger to raise steam which is used to drive turbines and so generate electricity. The neutrons that escape from the core are either absorbed by the steel vessel or by the thick concrete walls in which the vessel is situated.

The energy released when a single uranium-235 nucleus undergoes fission is of the order of 200 MeV, which means that 1 kg of uranium-235 is capable of releasing about 5 ( 1026 MeV since 1 kg of uranium-235 contains about 2.5 ( 1024 atoms (= 6 ( 1023 / 0.235). 

Hence the energy per kilogram available from uranium-235 is about 8 ( 1013 Jkg-1 which is of the order of a million times more than the energy per kilogram available from fossil fuels. 

However, uranium-235 is less than 1% of natural uranium, the remainder being uranium-238 which is non-fissile. Uranium fuel needs to be enriched to contain about 2 to 3% uranium-235. 

Hence 1 kg of uranium fuel produces about the same amount of energy as 20,000 kg of fossil fuel.

A 1000 MW nuclear power station operating at an efficiency of 25% would need 4000 MW of energy per second from uranium fuel, corresponding to a rate of fuel usage of about 2 gs-1. 

Thus in one day, a nuclear power station would use just over 200 kg of uranium fuel, compared with 4000 tonnes of fuel per day for a fossil fuel station.

The fission fragments include a wide spread of isotopes and are radioactive because the fragment nuclei are neutron-rich and emit beta and gamma radiation. These fragment nuclei have a wide range of half-lives so some components of the spent fuel rods remain radioactive for many years after use. In addition, 98% of the uranium fuel is uranium-238 which is a radioactive isotope with a very long half-life. 

More significantly, nuclei of this isotope in the fuel rods absorb neutrons without fission and then decay in a series which includes a range of unstable isotopes including plutonium-239. 

Thus the spent fuel rods are extremely radioactive after use and need to be stored as high-level radioactive waste for many years after removal of unused uranium and plutonium.

Nuclear reactors that use uranium fuel are described as thermal reactors as the neutrons from each fission need to be slowed down to speeds of the same order as the speeds of gas molecules at room temperature in order to produce further fission of uranium-235. 

This is achieved by embedding the fuel rods in a moderator such as graphite or water. Neutrons from a fission reaction leave a fuel rod at high speed and collide repeatedly with moderator atoms, slowing down as a result. On re-entry to a fuel rod, these low-speed neutrons can then cause fission in further uranium-235 nuclei. Most of the world's nuclear power stations are thermal reactors.
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Plutonium-239 fissions with fast neutrons, unlike uranium-235 which requires slow neutrons. Fast breeder reactors are designed to use plutonium-239 as the fissile fuel without the need for a moderator. 

The plutonium core is surrounded by uranium which is exposed to neutrons from the core and converted to plutonium as a result. The world's known reserves of uranium are likely to be used up within 50 to 100 years at the present rate of use. However, fast breeder reactors would make significant use of plutonium created in thermal reactors and of uranium-238, thereby extending the lifetime of the world's reserves by many centuries. However, fast breeder reactors are unlikely to be built and operated in significant numbers yet.
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Controlling a Fission Reaction

Both fission bombs and fission reactors use uranium. Uranium that is dug out of the ground is 99% uranium-238 and approx. 0.7% uranium-235.

Uranium-238 does not fission easily but does absorb neutrons travelling at fast speeds.

Uranium-235 does fission, but absorbs neutrons travelling slowly. 

Urnaium-235 is chemically identical to uranium-238.

Separating the two isotopes is difficult, but not impossible. Uranium that has a larger than normal proportion of uranium-235 is called “enriched” uranium fuel.

In a nuclear bomb, a chain reaction runs wild throughout a ball of uranium. More than one of the neutrons speeding away from each fission induces fission in other nuclei. The fission rate, and rate of energy release, increases very rapidly for as long as the uranium lasts.

The neutrons are travelling very fast – there is nothing to slow them down after they have emerged from the fissioning nuclei. In a ball of natural uranium nearly all of them would be absorbed by uranium-238.

To keep the chain reaction going inside a ball of enriched uranium, the ball must be above a certain mass, called the critical mass. 

Sub-criticality: 

Chain reaction dies. On average, fewer than one neutron goes on to cause more fission.

Criticality:

The chain reaction is stable. On average, exactly one neutron goes on to cause more fission.

Super-criticality:

The chain reaction grows. On average, more than one neutron goes on to cause more fission.

Criticality and the Nuclear Reactor

The number of neutrons that go on to produce more fission in a nuclear reactor must be equal to one neutron per fission to maintain the reaction.

The fuel used in a reactor, therefore, contains a relatively large proportion of uranium-238 in its fuel; this absorbs fast moving neutrons but does not undergo fission. It opposes a chain-reaction. The uranium is also spread out through a large volume, much of the reactor made up of other materials.

Critical mass can never be achieved as you would never find enough uranium-235 in one place at any one time and the neutrons are not moving slow enough to be absorbed by uranium-235.

A chain reaction is only possible by making the reactor big enough so that the number of neutrons escaping from its surface is reduced and by slowing neutrons down, so that they can be absorbed by uranium-235.

The Coolant
In a fossil-fuel reactor, the pipes that carry the steam to the turbines come within close proximity to the burning fuels. A nuclear reactor has two systems of pipes. The primary system transfers energy from the hot heart of the reactor where the nuclear processes are taking place. Then in e heat exchanger or steam generator the pipes of the primary system run close to pipes of a secondary system which carries the steam for turning the turbines.

The coolant material near the rods absorbs neutrons, so some of it becomes radioactive. This can not be allowed to reach the outside world and so is kept within the primary cooling system. The steam that turns the turbines is not easily kept from reaching the atmosphere. It flows in the secondary cooling system that has no direct contact with the reactor.

Choice of Coolant:

The coolant has to be a fluid: a gas or a liquid. A fluid with a high specific heat capacity is desirable as it means a large amount of energy can be transferred without the need for very high temperatures. A fluid with a low specific heat capacity could be used as long as it can flow quickly through the system quickly enough to transfer energy as quickly as it is released by the chain reaction in the reactor.

Carbon dioxide was initially chosen, as it is chemically inert so won’t react with pipe work. Also, neither carbon nor oxygen are strong absorbers of neutrons, so the gas doesn’t become highly radioactive. It can be allowed to pass out of the reactor’s concrete shielding to the steam generator.

A better choice of coolant is to use water, which has a very high specific heat capacity. The water will also act as a moderator, making the reactors smaller and cheaper to build. Hydrogen (in water) will absorb neutrons so the water must be kept in a sealed concrete container.

The Moderator

The moderator surrounds the fuel rods. Neutrons speed out of the fuel rods, colliding with the moderator material and transferring some of their kinetic energy to the material. After several collisions, the neutrons return to the fuel. Their speeds are now comparable to that of particles their size in a hot gas – they are no longer fast neutrons but are called thermal neutrons.

Choice of Moderator Material:
A moderator must not have a high tendency to absorb neutrons, as the material would then become radioactive itself. Also, once absorbed, they cannot induce further fission and cannot contribute to the chain reaction.

When two objects collide, the energy is more evenly shared if the particles have a similar size. Neutrons colliding with large nuclei would lose only a small proportion of their energy on each collision – they would be incline to bounce off with little change in their speed.

Water can be used as a moderator as its nuclei are quite small. “Heavy water” is better to use as it contains the hydrogen isotope deuterium (hydrogen-2). The heavier isotope is already neutron rich so has a low tendency to absorb more neutrons.

Gas cooled reactor use graphite as a moderator has a low tendency to absorb neutrons, together with quite small nuclei.

The Control Rods
Because of the way that the fuel and moderator are arranged, most neutrons enter the moderator, slow down, and return after a significant delay. Instead of having a very rapid increase in the number of neutrons in the reactor, the delay means that reactor operators have time to control the rate of fission in the reactor by adjusting the amount of neutron absorbing material that is slotted into the reactor. They can control the reactor’s neutron population by raising or lowering the control rods. 

Choice of Control Rod Material:

Control rods are made of materials that are good at absorbing neutrons.

	Nuclide
	Thermal Neutron Absorbing Cross-section (barns)
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1 barn = 10-28 m2
Radioactive Waste

Secure storage of radioactive waste from medical and industrial uses of radioactive material is essential to ensure public safety.

Radioactive waste is classed as low level, medium level and high level.

Low-level waste consisting of equipment and clothing used by radiation workers is buried in sealed containers at supervised sites. Cooling water used in the heat exchangers in nuclear power stations is slightly radioactive and is discharged in the sea.

Medium-level waste such as the coolant used in a nuclear power station is solidified and stored in sealed containers in underground chambers at supervised sites.

High-level waste consists of control rods, fuel containers and spent fuel after it has been reprocessed. The waste is stored for many years in sealed containers in underground chambers at supervised sites.

The spent fuel rods from a nuclear reactor contain unused uranium-235 and uranium-238, plutonium-239 produced as a result of uranium-238 absorbing neutrons, and neutron-rich fission fragments. The various isotopes in a spent fuel rod therefore include alpha, beta and gamma emitters with a wide range of half-lives. The shortest lived isotopes have the greatest activity per unit mass which is why a spent fuel rod on removal from a reactor is highly radioactive.

On removal from a reactor, a spent fuel rod is placed in a cooling pond for up to a year until its short-life isotopes have decayed and its rate of release of energy is no longer a problem. The fuel container is then cut open and the spent fuel is reprocessed chemically and the unused uranium and plutonium is recovered and stored for future use. All the other material is stored in sealed containers as high-level waste. Care must be taken not to store excess quantities of uranium and plutonium in close proximity, so that the critical mass for a chain reaction is not reached.

Emergency Shut-Down
This is accomplished by the rapid insertion of the control rods into the reactor which will absorb any neutrons inside the reactor vessel, hence reducing further energy release from fission reactions. This is done by either dropping the control rods from above using the combined force of gravity and compressed springs or from beneath.

Shielding
​The reactor’s pressure vessel is a thick-walled steel cylinder. A concrete liner surrounds the reactor's pressure vessel and acts as a radiation shield. That liner, in turn, is housed within a much larger steel containment vessel. The steel containment vessel serves as a barrier to prevent leakage of any radioactive gases or fluids from the plant.

An outer concrete building serves as the final outer layer, protecting the steel containment vessel. This concrete structure is strong enough to survive the kind of massive damage that might result from earthquakes or a crashing jet airliner. These secondary containment structures are necessary to prevent the escape of radiation/radioactive steam in the event of an accident. The absence of secondary containment structures in Russian nuclear power plants allowed radioactive material to escape in Chernobyl.

Thermal Physics

Specific Heat Capacity

The temperature of a body is a measure of how hot it is, not how much heat it contains.

The temperature rise produced by the addition of any given amount of heat to a body is determined by the mass of the body and the substance(s) of which it is composed.

The term specific heat capacity (c) of a substance is the heat required to produce unit temperature rise in unit mass of the substance.

If the temperature of a body of mass m and specific heat capacity c rises by (( when an amount of heat (Q is added to it, then

(Q = mc ((
Unit of specific heat capacity = J kg-1K-1 = J kg-1 (C-1
The above equation involves only changes in temperature and so the numerical value of c when expressed in 
 Jkg-1(C-1 is the same as that expressed in Jkg-1K-1.

The equation above makes a few assumptions:

· No change of state while the temperature rises
· No transfer of energy to / from the surroundings
Question:

An electrical heater supplies 500J of heat energy to a copper cylinder of mass 32.4g. Find the increase in temperature of the cylinder.

Latent Heat

It is necessary to supply energy (heat) to a solid in order to melt it, even if the solid is already at its melting point. This energy is called latent heat. It is distinct from any heat that might have been used to bring the solid up to its melting point in the first place, and from that which might be used to raise the temperature of the liquid once the solid has melted.

The energy is used to provide the increased molecular potential energy of the liquid state and, when the state change results in expansion, to do external work in pushing back the atmosphere. The energy used to do external work is usually much less than that used to increase the potential energy of the molecules, and in the case of ice, which contracts on melting, is negative.

The specific latent heat (l) is defined as the energy required to cause unit mass of the substance to change from solid to liquid (or liquid to vapour, or solid to vapour) without temperature change. (Unit = Jkg-1)

Melting = latent heat of fusion
Boiling = latent heat of vaporization
Sublimation = latent heat of sublimation
The value of l depends on the temperature (and therefore the pressure) at which it is measured.

The heat, (Q, which must be added to change the phase of a mass, m, of substance is given by:

(Q = ml

where l is the specific latent heat of fusion, vaporization or sublimation. For the reverse processes (e.g. liquid to solid) (Q represents the amount of heat that must be removed from the substance.
The equation above makes a few assumptions:

· No temperature rise while the substance changes state

· No transfer of energy to / from the surroundings
Molecular Kinetic Theory

The Avogadro constant, NA, is the no. of atoms in 1 mole of a substance, 1 Mole = 6.02(1023 atoms.
The Avogadro constant is numerically equal to the number of atoms in exactly 12g of carbon-12.

To find the mass of 1 carbon-12 atom:


[image: image105.wmf]mole

 

1

 

in

 

molecules

 

of

 

No.

mole

 

1

 

of

 

Mass

=

atom

 

1

 

of

 

Mass



[image: image106.wmf]kg

1.99x10

=

6.02x10

kg

12x10

=

atom

 

1

 

of

 

Mass

26

23

-3


A neutral carbon-12 atom consists of 6 protons, 6 neutrons and 6 electrons.
Electrons have negligible mass compared to nucleons, therefore the mass of carbon-12 ( 12 ( mass of 1 nucleon.
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The mass of 1 mole of an element is equal to the mass number for that particular element, e.g. oxygen is 16.

However, oxygen is diatomic, which means its molecules exist as pairs of atoms.
Therefore, no. of nucleons in each molecule = 32

Mass of 1 mole of oxygen = No. of molecules / mole ( Mass of 1 molecule





= 6.02(1023 ( (32(1.66(10-27)





= 0.032kg or 32g
(which is twice the mass number for that element)
Useful Equations:
· Amount of a substance,n (moles):
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· Relative molecular mass:
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· Molar mass, the mass of 1 mole (kgmol-1):
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· Mass of 1 atom or molecule (kg):
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Example

Hydrogen is diatomic and has a relative atomic mass of 1.

(a) Find

(i)
Relative molecular mass

(ii)
Molar mass

(iii)
Mass of 1 molecule

(b) 
If a sample of hydrogen has a density of 1.1kgm-3 and contains 3 moles of hydrogen, what is the volume?

(a) (i)
Relative atomic mass, Ar = 1

( Relative molecular mass, Mr = 2

(ii)
Molar mass, Mm = 2.0 ( 10-3 kg mol-1

(iii)
Mass of 1 molecule, m = 
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(b) Mass of 3 moles = 3 ( 2.0(10-3 = 6.0(10-3 kg
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Gases

The difference between a gas and a vapour:

Vapours will liquefy if compressed e.g. water vapour.

Gases don’t, as their temperature is too high.

Gaseous state refers to both gases and vapours.

Gases: Molecules v. far apart and temp. too high for liquefaction.

Ideal Gases:
High temperatures (Relative to liquefaction temp.)



Low pressure (Particles very far apart)

Real gases behave like ideal gases if their temperature is high and their pressure is low.

Gas Laws

Boyle’s Law:

For a fixed mass of gas at constant temperature, the pressure is inversely proportional to the volume.
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Charles’ Law:

For a fixed mass of gas at constant pressure the volume is directly proportional to temperature in Kelvin.
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Pressure Law:

For a fixed mass of gas at constant volume, the pressure is directly proportional to the temperature in Kelvin.
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The General Gas Equation:

pV = Constant 1
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Equation of State for an Ideal Gas:

pV = nRT

n = No. of moles
R = Molar Gas contant = 8.31JK-1Mol-1






p = pressure (Nm-2)







V = Volume (m3)







T = Temperature (in Kelvin not oC)

All 3 equations are part of the one above.

· 1,000,000cm3 = 1m3
· T has to be in K or it isn’t proportional

The equation above can also be written as:
pV = NkT

Where N is the total number of molecules present and k is called Boltzmann’s constant and is equal to R/NA, numerically it is 1.38x10-23JK-1.

The Kinetic Theory of Gases:

(Derivation of 
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A number of assumptions are made in this derivation:

· The molecules of a particular gas are identical.

· Collisions between molecules and with the container are perfectly elastic.

· There are no intermolecular forces except during impacts.

· Gravity is ignored so that between collisions molecules move in straight lines at a constant speed.

· The motion is random.

· There are a very large no. of molecules so that statistics can be applied.

· The molecules are small compared to the distances between them.

· Newtonian mechanics apply.
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Consider a gas enclosed in a cube-shaped container with sides of length, L. Let each molecule of gas have a mass, m. Consider, initially, a single molecule which is moving towards wall X, and suppose that its x-component of velocity is u1. This molecule will have an x-component of momentum mu1 towards the wall. After colliding with the wall the molecule’s momentum will have reversed its direction. Since the collision is elastic, it will rebound with the same speed so that its momentum will now be –mu1. The change in momentum is, therefore:

mu1- (-mu1) = 2mu1
The molecule has to travel a distance of 2L

Time between collisions = 
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The molecule’s rate of change of momentum due to its collision with X is:
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By Newton’s 2nd law, rate of change of momentum is equal to the force on wall, 

F = 
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However, there are N molecules, each having its own velocity represented by u1, u2, 

u3, … uN.

Total Pressure, p = 
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If 
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Since Nm is the total mass of gas in the container, 
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c is the resultant velocity of a molecule whose x, y and z components of velocity are u, v and w, respectively, then:
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Since there are a large no. of molecules and they are moving randomly,
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Hence:
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For any volume of gas,
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Therefore,
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where M is the mass of gas

This may be rewritten as,
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Relationship between Molecular Kinetic Energy and Temperature:
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where N = Total no. of molecules








m = mass of 1 molecule

It then becomes clear that 
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The ideal gas equation for a gas containing n moles of a gas at a volume, V, and pressure, p, is:






pV = nRT


(2)

Equating eqn. (1) with eqn. (2) gives:
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No. of moles, n = 
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Both R and NA are universal constants, and therefore so is R/NA; it is called Boltzmann’s Constant, k (= 1.38(10-23 JK-1) and is the gas constant per molecule. 

The left hand term is the average translational kinetic energy of a single molecule, and therefore:

Average translational kinetic energy of a molecule = 
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