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TOPIC 1. INTRODUCTION TO WAVES



1.1



Introduction



Imagine you are in a boat in the middle of a lake. The surface of the lake is smooth. You notice a duck in the water, 10 m from your boat. If you drop a large stone into the water, this would produce ripples that travel outward from the stone. When the ripples reach the duck, the duck bobs up and down as the ripples pass beneath it, even although no water travels from you to the duck. To make the duck bob up and down, the ripples (or waves) must have transported energy from the point where you dropped the stone to where the duck is floating. In general, any wave transmits energy from the source of the waves to any other point without the medium that carries the wave moving away from the source. In this Topic, we will look at how we describe waves, and investigate some properties of waves.



1.2



Definitions



Learning Objective



Æ



To introduce all the terms and definitions used to describe wave phenomena.



We will be looking at wave trains, or series of waves, rather than individual waves. Any wave comes from an oscillating source. For example, the source of the sound waves that come from the speakers of a CD player is a cone inside the speaker that oscillates in response to electrical signals. Consider waves that are set up in a rope when the rope is made to oscillate. The simplest form of wave that we can study is the sine wave, shown in Figure 1.1. The wave is travelling in the positive x-direction. Figure 1.1: Travelling sine wave



λ



O



L



=



N λ



.......................................... As a train of waves passes along the rope, each small portion of the rope is oscillating in the y-direction. There is no movement of each portion of the rope in the x-direction, and when we talk about the speed v of the wave, we are talking about the speed at which the disturbance travels in the x-direction. The wavelength



is the distance between two identical points in the wave cycle, such © H ERIOT-WATT U NIVERSITY
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as the distance between two adjacent crests. The frequency f is the number of complete waves passing a point on the x-axis in a given time period. Frequency is measured in hertz (Hz), where 1 Hz is equal to one complete wave per second. The relationship between the three quantities speed, wavelength and frequency is











(1.1)



.......................................... To emit waves of frequency f, the source must also be oscillating at the same frequency f. That is to say, the frequency of a wave is the same as the frequency of the source that is producing the wave. The periodic time T (or simply the period of a wave) is the time taken to complete one oscillation. The period of a wave is the time that elapses between two adjacent wave peaks passing one particular point. The period is related to the frequency by the equation















(1.2)



.......................................... The amplitude a of the wave is the maximum displacement away from the equilibrium position in the y-direction, as shown in Figure 1.1. We have already noted that a wave transports energy from one place to another. The energy of a wave depends on its amplitude - large amplitude waves carry more energy than small amplitude waves. So if we are considering sound waves, the louder the sound, the larger the amplitude of the sound waves. For light, bright light means larger amplitude light waves than dim light. When we are describing the behaviour of light, it is often convenient to use light rays, and to draw ray diagrams. A light bulb emits light in all directions. A torch only emits light in certain directions, due to the way the bulb is mounted with a reflector behind it. If we want to know what is happening in a particular direction, we show the ray that is travelling in that direction.
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Figure 1.2: Rays emerging from a torch



=



>



?



@



.......................................... Figure 1.2(a) shows the beam emerging from a torch. The waves emitted by the torch are shown in part (b), and in some circumstances it is useful for us to show these waves on a diagram. We can also talk about the wavefronts, shown in part (c). These are lines that join similar parts of the waves, such as the crests. The wavefronts lie perpendicular to the direction of wave travel. Part (d) of the diagram shows the light rays within the beam. Light rays travel in straight lines. When studying some optical devices, such as telescopes or cameras, we need only consider the rays, and we can ignore the wave nature of light. For the remainder of this Topic, we will be concentrating on light waves. All light waves travel at a speed of 3.00 10 8 m s-1 in a vacuum. As this speed is a fundamental physical constant, it is given its own symbol, c. You may already know that visible light makes up just a small part of the electromagnetic spectrum, which also includes microwaves, radio and television signals, infrared, ultraviolet, X-rays and gamma-rays. We usually describe light waves in terms of wavelength rather than frequency. Visible light has a wavelength that is of the order of 10 -7 m. Wavelengths are often stated in nanometres, where 1 nm = 10 -9 m. Red light has the longest wavelength of the visible part of the spectrum, in the range 620 - 700 nm. Green light has a wavelength in the range 490 - 580 nm and the wavelength of blue light is in the range 455 - 490 nm. The shortest wavelengths in the visible spectrum are around 390 nm for violet light. © H ERIOT-WATT U NIVERSITY
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Quiz 1 Properties of waves Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Useful data: Speed of light c : 3.00



10 8 m s-1



Q1: Which one of the following quantities should be increased to increase the brightness of a light wave? a) b) c) d) e)



Speed Amplitude Colour Frequency Wavelength ..........................................



Q2: A mechanical wave of frequency 32 Hz travels at a speed of 25 m s -1 . What is the wavelength of this wave? a) b) c) d) e)



0.78 m 1.3 m 7.0 m 57 m 800 m ..........................................



Q3: Which of these sets of light waves are listed in order of increasing wavelength? a) b) c) d) e)



Red, blue, green Red, green, blue Green, red, blue Blue, red, green Blue, green, red ..........................................



Q4: A laser produces an orange beam of light of wavelength 610 nm. What is this wavelength expressed in m? a) b) c) d) e)



6.10 10-9 m 6.10 10-7 m 6.10 10-3 m 6.10 107 m 6.10 109 m
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.......................................... Q5: An oscillating source is producing mechanical waves of wavelength 2.4 m that travel at a speed of 36 m s-1 . With what frequency is the source oscillating? a) b) c) d) e)



2.4 Hz 6.3 Hz 15 Hz 30 Hz 36 Hz ..........................................



1.3







Coherence and interference



Learning Objective



Æ



To explain what is meant by the terms ’coherence’ and ’phase’ and use these terms to explain interference.



1.3.1



Coherence and phase



Consider the two waves shown in Figure 1.3. Figure 1.3: Two out-of-phase sine waves



N



N



.......................................... Both waves have the same amplitudes, frequencies and wavelengths, yet they are "out-of-step" with each other. We say there is a phase difference between the two waves. A wave is an oscillation of a medium and the phase of the wave tells us how far through an oscillation a point in the medium is. Coherent waves have the same speed © H ERIOT-WATT U NIVERSITY
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and frequency (and similar amplitudes) and so there is a constant phase relationship between two coherent waves. The two waves shown in Figure 1.3 are coherent, but they are not in phase, since the crests of the waves do not arrive at the same point at the same time. The two waves shown in Figure 1.4(a) are both coherent and in phase. Figure 1.4: Two coherent waves that are (a) in phase; (b) out of phase O



O



N



N



O



O



N



N



=



>



.......................................... At all points in the x-direction, the waves are exactly in step with each other. This is not the case in Figure 1.4(b), where the two waves are coherent since their phase difference is always the same. They are however completely out of step or out of phase since the peak of one wave occurs at exactly the same point as the trough of the other wave. We sometimes say they are in "anti-phase". We will see shortly that the two examples shown in Figure 1.4 have importance in the study of waves.
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1.3.2



Superposition and interference



What happens at some point in space if waves from two sources arrive at the same time? The following Activity is a simulation showing what happens when two coherent waves emitted by different sources coincide in time and space.



Interference of two waves 20 min



On-screen interactive simulation, in which the resultant of two coherent sine waves is displayed. The amplitudes and phase difference of the two waves can be adjusted. Full instructions are given on-screen. When two coherent waves overlap at a point, the amplitude of the resulting disturbance can vary from a maximum down to zero. You should have found in the Activity that under the correct conditions, two coherent waves can "cancel each other out". When two waves overlap at a point, they undergo interference. The principle of superposition states that the total disturbance at that point is the sum of the disturbances due to each of the waves. When the two waves are not exactly in phase and tend to cancel each other out, we say they are undergoing destructive interference. The condition for total destructive interference to take place is that we must have two waves of exactly the same amplitude that are exactly out of phase, as shown in Figure 1.5. Figure 1.5: Destructive interference of two waves O



wave 1 N



O



wave 2 N



O



superposition N



.......................................... The total displacement of the medium is zero at all times. Applying the principle of superposition, the total disturbance at all points (which is equal to the sum of the disturbances due to the two waves) is always zero.
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What happens when the two waves are exactly in phase? This situation is shown in Figure 1.6. Figure 1.6: Constructive interference of two waves



O



wave 1 N



O



wave 2 N



O



superposition



N



.......................................... When the two waves are in phase, the principle of superposition tells us that the total disturbance is the sum of the disturbances due to each of the waves, and so the net disturbance is twice that of the disturbance due to one of the waves. (As long as the original waves have equal amplitudes.) This is called constructive interference. In terms of light waves, where two light beams interfere constructively, we see a bright beam. If they interfere destructively, we see darkness. The constructive interference of sound waves results in a very loud sound, whereas destructive interference of sound waves results in silence. Interference does not violate the principle of conservation of energy, although at first glance it may appear so. For every bright area caused by constructive interference of light, there is a darker area caused by destructive interference. Similarly with interference of sound, areas of loud sounds and areas of silence appear beside each other. Interference simply causes a redistribution of the energy. © H ERIOT-WATT U NIVERSITY
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1.4







Wave behaviour



Learning Objective



Æ



To describe wave behaviour in terms of reflection, refraction, diffraction and interference.



In the previous section, we saw that two (or more) waves can undergo interference, which can result in large amplitude oscillations (constructive interference) or the waves cancelling each other out (destructive interference). It is important to note that interference occurs only with waves. We cannot observe interference between quantities that are not waves. Because of this, interference is a test for a wave, and if we observe some physical phenomenon in which interference takes place, then we can be sure that we are observing waves. This test was particularly important in the days of Newton (17th century) when scientists were trying to establish the nature of light. Some scientists argued that light was made up from waves, others (including Newton) thought that light travelled as a stream of particles. It was not until the year 1800 that the English physicist Thomas Young carried out his ’double-slit interference experiment’, showing the wave nature of light. The fact that interference experiments could be carried out using light was the proof that light indeed travelled as waves rather than as a stream of particles. We can list interference along with refraction, reflection and diffraction as characteristic behaviours of all types of waves. That is to say, all waves can be refracted, reflected, diffracted, or undergo interference. Although we will be concentrating on light waves in other Topics, you should remember that the phenomena that we will be describing apply to all waves.



Quiz 2 Interference and wave behaviour Multiple choice quiz. 10 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: Two coherent waves overlap at a certain point. Both waves have amplitude 6.0 mm. What is the maximum possible value that the amplitude of the disturbance due to the interference of the two waves could take? a) b) c) d) e)



0 mm 3.0 mm 6.0 mm 12 mm 36 mm ..........................................



Q7: Two coherent waves overlap at a certain point. Both waves have amplitude 6.0 mm. What is the minimum possible value that the amplitude of the disturbance due to the interference of the two waves could take? a) 0 mm © H ERIOT-WATT U NIVERSITY
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3.0 mm 6.0 mm 12 mm 36 mm ..........................................



Q8: Which one of the following statements is true? a) b) c) d) e)



Coherent waves are always in phase. Coherent waves are always in anti-phase. Coherent waves have a constant phase relationship. Coherent waves have different frequencies. Coherent waves have different wavelengths. ..........................................



Q9: The amplitude of the disturbance due to two or more interfering waves can be found by using a) b) c) d) e)



Newton’s laws of motion. the first law of reflection. the periodic time T. the laws of diffraction. the principle of superposition. ..........................................



Q10: Which of the following is not a characteristic behaviour of waves? a) b) c) d) e)



Interference Reflection Refraction Projection Diffraction ..........................................



1.5



Summary



By the end of this Topic you should be able to:



• state that the frequency of a wave is the same as the frequency of the source that is producing it; • state that the period T of a wave is related to the frequency f by the expression   ; • state that the energy of a wave depends on its amplitude; • state approximate values for the wavelengths of red, green and blue light; © H ERIOT-WATT U NIVERSITY
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• state what is meant by "coherent" waves, and correctly apply the terms "in phase" and "out of phase" in the context of coherent waves; • explain what is meant by constructive and destructive interference in terms of superposition of waves; • state that interference is the test for a wave; • state that reflection, refraction, diffraction and interference are characteristic behaviours of all types of waves.



Online assessment 20 min



An online assessment is available, which should take you no longer than 20 minutes to complete. The test includes questions taken from all parts of this Topic.



© H ERIOT-WATT U NIVERSITY



13



Topic 2



Diffraction and interference



Contents 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



14



2.2 Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Interference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



14 15



2.3.1 Young’s slits experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3.2 The diffraction grating . . . . . . . . . . . . . . . . . . . . . . . . . . . .



18 21



2.4 White light spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4.1 The spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



25 25



2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



29



14



TOPIC 2. DIFFRACTION AND INTERFERENCE



2.1



Introduction



This second Topic in the ’Radiation and Matter’ Unit continues on from the last Topic - ’Introduction to waves’. At the end of that Topic, we looked at how wave behaviour can be described in terms of four wave properties - reflection, refraction, diffraction and interference. We start this Topic with a look at how waves diffract when they pass through a small gap in a barrier. This is expanded to show how a single source of waves can be diffracted through two gaps and therefore act as two coherent sources of waves that can go on to form an interference pattern. This is the basis of an experiment known as Young’s double slit experiment. From double slit interference, we move on to consider interference caused by multiple slits, and this leads on to the diffraction grating. The diffraction grating equation is introduced and used. The final part of this Topic considers how white light spectra can be produced in a spectrometer, using the refraction of light by a prism and by the diffraction grating. The spectra produced by both means are compared.



2.2



Diffraction



Learning Objective



Æ



To explain what is meant by the term ’diffraction’.



When waves meet the edge of an obstacle, they bend round the corner of the obstacle. Similarly, when waves go through a gap in a barrier, they bend at the edges. This effect is known as diffraction. The narrower the gap, the greater is the amount of bending of the waves. This can be seen in Figure 2.1. If the width of the gap in the barrier is equal to, or less than, one wavelength of the waves, then parallel waves emerge from the gap as circular waves. This is shown in Figure 2.1(b). Figure 2.1: Diffraction of waves through a gap in a barrier



(a)



(b)



.......................................... When waves are diffracted, the wavelength, frequency and wave speed are unaffected. © H ERIOT-WATT U NIVERSITY
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Diffraction is a property of waves only - particles do not diffract. Consider, for example, a football kicked through a gap in a fence that is exactly the same width as the diameter of the football. If the football is aimed perfectly, it will not be affected by going through the gap - it does not ’spread out’ as it goes through. Diffraction can be used as a test for wave motion - if diffraction can be shown, then the energy is propagated by means of waves. (However, see Topic 4 for a continuation of this wave-particle discussion.)



2.3



Interference



Learning Objective To explain what is meant by ’interference’. To state the conditions for maxima and minima in an interference pattern, and to carry out calculations using the relationships for maxima and minima.



Æ



We have seen in the previous Topic that when waves from two coherent sources overlap, they undergo interference. An interference pattern of water waves can be observed in a ripple tank when two sets of coherent waves are produced by dippers in the tank. Microwaves and light can also be shown to exhibit interference. Since microwaves cannot be seen, the interference pattern obtained can only be observed by variations picked up by a detector of microwaves. That aside, it is easier to observe interference of microwaves than interference of light, because of the difference in the wavelengths of the two types of waves. We will look at interference of light later in this Topic. Two sets of coherent microwaves can be produced using one microwave transmitter, by passing the waves through two slits in a barrier. If the slits have a width that is equal to or less than the wavelength of the microwaves, then each slit effectively becomes a source of circular microwaves. The two sets of microwaves so produced are coherent. This means that they are in step when they leave the slits. The experimental arrangement is shown in Figure 2.2.
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Figure 2.2: Interference of microwaves



     



     



  







 



 



 .......................................... If a microwave detector is moved along the line A-B, the response of the meter is observed to repeatedly increase and decrease in the region from A to B. This is because, as the detector is moved from A to B, it repeatedly goes through points of constructive interference and points of destructive interference. In Figure 2.2, the two sets of waves that reach the microwave detector have travelled different distances. One set has travelled a distance S 1 X and the other set has travelled a distance S2 X. The difference between these two distances, S 2 X - S1 X, is called the path difference. By considering this path difference, we can explain the conditions necessary to produce the maxima and the minima in the interference pattern obtained. You will remember from the previous Topic that constructive interference happens at places where two waves meet exactly in step. If the microwave detector in Figure 2.2 detects a maximum response to microwaves at some position X, then it follows that both sets of waves detected at X must be in step, or in phase. Since both sets started out in phase (they are coherent) the path difference S 2 X - S1 X must be a whole number of wavelengths. path difference



 (for maxima)



(2.1)



.......................................... where n = 0, 1, 2 and so on
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In a similar way, destructive interference occurs at places where two waves meet exactly out of step. For other points X, in the line A-B, where a minimum response is detected, the two sets of waves must be exactly out of phase or half a wavelength out of step. Because both sets of waves were in phase on leaving the slits the only way for them to be out of step is if one set has travelled an odd number of half wavelengths more than the other set. In other words, the path difference is an odd number of half wavelengths. path difference



 







(for minima)



(2.2)



.......................................... where n is also 0, 1, 2 and so on These conditions for maxima and minima in an interference pattern hold for any type of wave, not just microwaves. Later in this Topic we will use these conditions when we consider the interference of light. It is worth noting that the path differences for maxima and minima depend on the wavelength of the source used, as can be seen in both Equation 2.1 and Equation 2.2. You should also realise that Equation 2.1 and Equation 2.2 relate to different conditions, so the values of n used in both have no relationship to each other.



Wavelength of microwaves On-screen simulation. 20 min



Full instructions are given on-screen. You should know how to use path difference to calculate the wavelength of microwaves.



Example : Path difference of microwaves Microwaves that have a wavelength of 3 cm are passed through two slits in a barrier, as in Figure 2.2. A detector is moved along line A-B from the central position, through two points of minimum response to the third point of minimum response. Calculate the path difference at this point. For a minimum response path difference



 







The third minimum response away from the central position corresponds to n = 2. So    path difference



   cm



..........................................
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2.3.1



 



Young’s slits experiment



Learning Objective



Æ



To describe the Young’s slits experiment.



This experiment, which is essentially the same for light as we have just described for microwaves, was first carried out by Thomas Young in 1801. Young split a beam of sunlight into two and showed that the two coherent beams that were produced formed a series of bright and dark lines or ’fringes’ on the opposite wall of the room. This was the first time that light had been shown to form an interference pattern, proving that light showed wave properties. One form of the experimental arrangement is shown in Figure 2.3. Figure 2.3: Young’s slits experiment



S1 S2 screen .......................................... Monochromatic light is passed through one narrow slit and then two further slits to give two coherent sources, as we have seen earlier for microwaves. The two slits are typically a lot less than 1 mm apart, and act as point sources. A screen is placed typically about 1 m from the slits. Where the two beams overlap, a symmetrical pattern of fringes is formed, with a bright fringe at the centre.
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Figure 2.4: Young’s slits interference fringes



.......................................... Figure 2.4 shows the fringe pattern seen on the screen. The lower part of Figure 2.4 shows a plot of the intensity of the light across the screen. The brightest fringe occurs at the centre of the interference pattern as this point is the same distance from both slits, and so the waves arrive exactly in phase. The first dark fringes occur on either side of this when the path difference between the beams is exactly half a wavelength. This is followed by the next bright fringe, due to a path difference of exactly one wavelength, and so on. In general, a bright fringe occurs when the path difference between the two beams is n , where n = 0, 1, 2... The central bright fringe corresponds to n = 0. path difference



 (for maxima)



In a similar  way, a dark fringe occurs when the path difference between the two beams is    , where n is again 0, 1, 2... path difference



 







(for minima)



Since the path difference depends on the wavelength of the light used, it follows that the separation of the bright and dark fringes also depends on the wavelength, and hence the colour, of the light used. There are two other factors that have an effect on the fringe separation. These are the slit separation and the distance between the screen and the slits. Carry out the following optional activity to see how the experimental parameters affect the appearance of the interference fringes. © H ERIOT-WATT U NIVERSITY
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Quiz 1 Diffraction and interference Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q1: a) b) c) d) e)



Diffraction happens when waves go past the end of a barrier. a particle goes through a gap in a barrier. waves reflect off a barrier. a particle passes close to the edge of a barrier. waves pass from one medium into another. ..........................................



Q2: The Young’s double slit experiment proves that light is carried by waves because the experiment shows a) b) c) d) e)



absorption of waves. coherence of waves. interference of waves. reflection of waves. refraction of waves. ..........................................



Q3: A Young’s double slit experiment is carried out. Which of the following changes increases the fringe separation? (i) Changing the red light source to a blue light source (ii) Making the slit separation smaller (iii) Increasing the distance between the slits and the screen a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (ii) and (iii) only ..........................................



Q4: In Figure 2.5, X is a point in an interference pattern produced by waves from two coherent sources S1 and S2 . Figure 2.5: X



S1 S2



© H ERIOT-WATT U NIVERSITY



2.3. INTERFERENCE



21



.......................................... The wavelength of the waves is 4 cm and the distance S 1 X is 20 cm. Which two distances S2 X would mean that X was a point of maximum interference? a) b) c) d) e)



22 cm and 23 cm 24 cm and 28 cm 24 cm and 26 cm 22 cm and 26 cm 26 cm and 28 cm ..........................................



Q5: In Figure 2.6, X is a point in an interference pattern produced by waves from two coherent sources S1 and S2 .



Figure 2.6: X



S1 S2



.......................................... The wavelength of the waves is 4 cm and the distance S 1 X is 20 cm. Which two distances S2 X would mean that X was a point of minimum interference? a) b) c) d) e)



22 cm and 23 cm 24 cm and 28 cm 24 cm and 26 cm 22 cm and 26 cm 26 cm and 28 cm .......................................... ..........................................



2.3.2



The diffraction grating



Learning Objective



Æ



To describe what a diffraction grating is and its effect on a monochromatic light beam. To derive and use the grating equation.



The interference pattern produced by using two coherent beams of light obtained from a double slit mask is not very bright. This is because not much light energy passes through two very narrow slits. A far brighter interference pattern is obtained by using a diffraction grating, which consists of a large number of very finely machined, equally-spaced grooves on the surface of a transparent slide (made of glass or clear © H ERIOT-WATT U NIVERSITY
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plastic). Diffraction gratings usually have several hundred lines machined on them every millimetre. Diffraction gratings are normally used with parallel-sided beams of light. Because the separation of the lines on a grating is so small in relation to the viewing distance, the beams of light passing through adjacent grooves are effectively parallel to each other. This is shown in Figure 2.7. Here, only three beams are considered for simplicity but the analysis can be extended to the large number of beams that are produced by shining light through a diffraction grating. Remember from the previous analysis of two slits that there is a maximum at the central viewing position, where the path difference is zero. This also applies in the case we are now considering, with more than two parallel beams. A maximum of light is seen because constructive interference of all of the rays takes place at this position. This position is known as the zeroth order maximum. Figure 2.7: Adjacent grooves in a diffraction grating
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.......................................... It can be seen in Figure 2.7, for a viewing position that corresponds to constructive interference for beams 1 and 2, the path difference between these beams is 1 as shown previously for the two slit case. In addition, since all the three beams are parallel, the path difference between beams 2 and 3 is also 1 . This means that the path difference between beams 1 and 3 is 2 . This position is known as the first order maximum - the first position round from the central position where a constructive interference pattern can be viewed. All the beams add to the same constructive interference pattern and so the image is brighter. It should be apparent that there are two positions that give rise to first order maxima. These two positions are to be found at equal angles on either side of the zeroth order maximum. There are several other viewing angles that give rise to constructive interference, and maxima being viewed. Whenever the path difference is an integral number of whole wavelengths the beams reinforce and constructive interference takes place. The next positions out from the first order maxima correspond to path differences between adjacent beams of 2 . These positions are known as second order maxima.



© H ERIOT-WATT U NIVERSITY



2.3. INTERFERENCE



23



d



2l



d



2l 2l



be



be beam am am 2 1 3



Figure 2.8: Second order diffraction



.......................................... There is a relationship between the viewing angle for constructive interference,  , the groove or slit spacing, d, the wavelength of the light used, , and the order of the maximum, n. This relationship is



  







(2.3)



.......................................... Example : Calculating wavelength using a diffraction grating The beam of light from a He-Ne laser is shone through a diffraction grating that has 500 lines per millimetre machined on it. The second order maximum is seen at a viewing angle of 39 Æ round from the straight-through position. Calculate the wavelength of the He-Ne laser that these results give. In the equation     , we have: d = slit spacing =  mm, or    m  = 39Æ n = 2 (second order maximum) So



  











             nm (nanometres)



.......................................... The following optional activity takes you through the derivation of the grating equation     . © H ERIOT-WATT U NIVERSITY
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Derivation of the grating equation An optional activity giving the derivation of the grating equation    10 min



 .



In Figure 2.9, S2 O is a normal to the diffraction grating and in the same figure, the triangle S1 S2 P is right-angled at P. S2 P is the path difference between beam 1 and beam 2. 



Æ



Æ



so      



also       



 



  







Figure 2.9: Path difference and diffraction m1
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.......................................... In triangle S1 S2 P,



  



 







 



path difference



path difference



  







We have seen already that the condition for a maximum of light, caused by constructive interference is path difference  , where n = 0,1,2,3,... so, for constructive interference path difference



     



 



(2.4)



.......................................... You should know how to derive the grating equation   



 .



.......................................... © H ERIOT-WATT U NIVERSITY
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The following simulation allows you to measure the wavelength of a monochromatic light source, using a diffraction grating. It uses the diffraction grating equation     .



Measuring wavelength with a diffraction grating On-screen simulation. 15 min



Full instructions are given on-screen. You should be able to measure the wavelength of a monochromatic light source, using a diffraction grating.



2.4



White light spectra



Learning Objective



Æ



To explain what is meant by a white light spectrum.



We saw in Topic 1 ’Introduction to waves’ that visible light consists of radiation that has a wavelength range from about 700 nm for red light, through 560 nm for green light, about 470 nm for blue light to about 400 nm for violet light. These figures are only approximate, since the colours merge into each other. The range of wavelengths is known as a spectrum. Since visible light is a mixture of all of these wavelengths and therefore colours, it is often referred to as ’white light’.



 



We have seen with the Young’s slits experiment that light of different wavelengths produces lines of different separation. The same applies to light that is passed through a diffraction grating. When white light is passed through a diffraction grating, coloured spectra are seen on either side of the central maximum. This is because the path difference, d sin , depends on the wavelength of the light. The central maximum (the zeroth order maximum) is white since for this maximum only, the path difference is zero and so does not depend on the wavelength of the light. A triangular glass or perspex shape called a prism can also be used to produce a spectrum from a white light source. It does this in a different way to a diffraction grating. A prism uses refraction and dispersion to produce a spectrum. The next Topic will look more closely at refraction of light.



2.4.1



The spectrometer



Learning Objective



Æ



To describe a spectrometer and state what it is used for. To describe and compare spectra produced by different means.



A spectrometer is an instrument that can make precise measurements of the spectra produced by different light sources. There are three main parts to a spectrometer the collimator, the optical device (either a diffraction grating or a prism) mounted on a turntable, and the telescope. Although not part of the spectrometer, a light source is © H ERIOT-WATT U NIVERSITY
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also needed. For our purposes, we are only considering the spectra produced by a white light source, although the spectrometer can be used to analyse the spectra produced by a variety of light-emitting sources. A spectrometer with a light source is shown in Figure 2.10. The light source shown is a gas discharge lamp used to produce a particular spectrum consisting of coloured lines, although this does not affect our discussion of the spectrometer. Figure 2.10: The spectrometer



.......................................... The collimator, which is seen at the left-hand side of the spectrometer, produces a beam of parallel light. It consists of a tube with an adjustable slit at the end nearest to the light source and a lens system at the turntable end. In the centre of the spectrometer is a prism, mounted on the turntable. The prism produces a spectrum from the narrow beam of light that emerges from the end of the collimator. A diffraction grating could be mounted on the turntable instead of a prism. It is even possible to use a compact disc (CD) as the optical device. The CD acts as a reflection grating because of the series of ’pits’ on its surface. The turntable has an angular scale so that precise measurements can be made on the spectrum produced. On the right-hand side of the spectrometer is the telescope that is used to view the spectrum produced. The telescope is mounted on a swinging arm, so that it can be rotated to view different parts of the spectrum.
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White light spectra produced by a prism and a grating On-screen simulation. 20 min



Full instructions are given on-screen. You should be able to describe and compare the white light spectra produced by a diffraction grating and by a prism. After working through the Activity ’White light spectra produced by a prism and a diffraction grating’, you should have found that both the prism and the diffraction grating produce a continuous spectrum of colours from a white light source. These colours are: red, orange, yellow, green, blue, indigo and violet. You should have also found that there are several differences in the spectra produced. These differences are summarised in Table 2.1. Table 2.1: Spectra produced by a prism and by a diffraction grating Diffraction grating



Prism Order of colours (deviated least to deviated most)



red, orange, yellow, green, blue, indigo, violet



violet, indigo, blue, green, yellow, orange, red



Central white maximum



no



yes



Number of spectra seen



one only



Spectrum produced by



refraction



many, in pairs on both sides of the central white maximum diffraction



..........................................



Quiz 2 The diffraction grating and white light spectra Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: A beam of monochromatic light is passed through a diffraction grating that has 400 lines per mm. The second order maximum is observed at an angle of 25 Æ to the incident beam. Calculate the wavelength of the light used. a) b) c) d) e)



383 nm 528 nm 541 nm 554 nm 583 nm ..........................................
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Q7: Red light, of wavelength 650 nm, is passed through a diffraction grating that has 300 lines per mm. Calculate the angle between the first order maximum and the second order maximum. a) b) c) d) e)



34.2Æ 23.0Æ 22.5Æ 11.7Æ 11.2Æ ..........................................



Q8: Which of the following statements about a spectrometer is/are correct? (i) A spectrometer can be used to make precise measurements on spectra. (ii) A spectrometer consists of a collimator, a turntable and a telescope. (iii) A spectrometer can only produce a spectrum from a white light source. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (ii) and (iii) only ..........................................



Q9: What are the approximate wavelengths of light of each of the three colours blue, green and red? a) b) c) d) e)



blue - 700 nm, green - 560 nm, red - 470 nm green - 700 nm, red - 560 nm, blue - 470 nm red - 700 nm, blue - 560 nm, green - 470 nm green - 700 nm, blue - 560 nm, red - 470 nm red - 700 nm, green - 560 nm, blue - 470 nm ..........................................



Q10: Which of the following statements about the white light spectra produced by a prism and a diffraction grating is/are correct? (i) Only one spectrum is produced by a prism, but several are produced by a diffraction grating. (ii) Of all the colours, red light is deviated least by a prism, but most by a diffraction grating. (iii) The spectrum is produced by refraction in a prism, but by diffraction in a grating. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (iii) only (i), (ii) and (iii) ..........................................
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Summary



By the end of this Topic you should be able to: • state what is meant by the term ’diffraction’; • state what is meant by the term ’interference’; • state the conditions for maxima and minima in an interference pattern formed by two coherent sources in the form: path difference  (for maxima) where n is an integer, and     (for minima), path difference where n is also an integer; • carry out calculations using the relationships for path difference in an interference pattern; • describe what a diffraction grating is and its effect on a monochromatic light beam; • carry out calculations using the diffraction grating equation   



 ;



• describe the principles of a method for measuring the wavelength of a monochromatic light source, using a diffraction grating; • explain what is meant by a white light spectrum; • state approximate values for the wavelengths of red, green and blue light; • state two means of producing a white light spectrum; • describe a spectrometer and state what it is used for; • describe and compare the white light spectra produced by a diffraction grating and by a prism.



Online assessments End of Topic assessment. Instructions are given on-screen. Two online tests are available. Each test should take you no more than 20 minutes to complete. Test one contains questions on diffraction and interference. Test two contains questions on the diffraction grating and white light spectra.
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3.1



Introduction



You should remember from earlier work on waves that when a wave goes from one medium to another it is refracted. If the wave goes from a less dense medium into a more dense medium (such as a light ray going from air into glass) and the wave direction is not along the normal, then the direction of the ray in the more dense medium is changed so that the wave direction is closer to the normal. You should be familiar with the terms refraction, normal, angle of incidence, angle of refraction. This Topic investigates the relationship between the angles of incidence and refraction and introduces a new quantity, called the refractive index. Refraction has many applications - lenses, optical fibres and the prism, to give a few examples. These and other uses of the property of refraction are investigated. Under some circumstances, light does not refract when it meets a boundary between two transparent media. Instead it is reflected back inside the original medium. This property, known as total internal reflection, is covered in the second part of the Topic. Included also is the derivation and application of the expression for the critical angle the angle at which refraction ceases and total internal reflection starts. The Topic ends with a brief look at applications of total internal reflection.



3.2







Refractive index



Learning Objective



Æ



To state what is meant by the refractive index of a medium. To carry out calculations using the relationship for refractive index.



Refraction happens when a wave goes from one medium into another. If, for example, a ray of light travelling in air meets a glass block, the ray of light has its direction changed (as long as it was not travelling along the normal) so that its new direction is closer to the normal. This is shown in Figure 3.1. Figure 3.1: Refraction of light  



   



   



.......................................... There is a relationship between the angle of incidence and the angle of refraction for monochromatic light. The following activity is designed to let you observe this effect, © H ERIOT-WATT U NIVERSITY
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and to deduce the relationship.



Refractive index of a medium On-screen simulation. 20 min



Full instructions are given on-screen. As you work through the on-line activity, you will be told to complete the following table of results. Angle between normal and ray in air,  1 (Æ )



Angle between normal and ray in glass, 2 (Æ )



sin 1



sin 2



 ½  ¾



½ You should be able to state that the ratio   ¾ is a constant when monochromatic light passes from medium 1 to medium 2. You should be able to describe the principles of a method for measuring the absolute refractive index of glass for monochromatic light.



The simulation should have shown you that



   



constant



(3.1)



.......................................... The constant in Equation 3.1 is a property of the two media involved (in this case, air ½ and glass). The absolute refractive index, n, of a medium is the ratio   ¾ , where  1 is in a vacuum, and  2 is in the medium. In practice, there is very little difference in the value of n when  1 is in air from that when  1 is in a vacuum, so the value of the constant obtained from Equation 3.1 is taken as the absolute refractive index of medium 2. Absolute refractive index is often shortened to simply ’refractive index’.



 vacuum or air  medium



medium



(3.2)



.......................................... The refractive index of a medium or substance is a measure of the ability of the substance to change the direction of a beam of light. The values vary from about 1.0003 © H ERIOT-WATT U NIVERSITY
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for air (which becomes 1.00 to 3 significant figures) to 2.62 for rutile (crystalline titanium dioxide). Some values of refractive index are given in Table 3.1. It is worth noticing that the value of refractive index, n, for all substances is greater than one. Table 3.1: Refractive index of some common substances Refractive index (n)



Substance ice diamond glass perspex water



1.31 2.42 1.50 - 2.00 1.50 1.33



.......................................... You should be able to describe the principles of a method for measuring the absolute refractive index of glass, nglass , for monochromatic light. You should also be able to carry out calculations using Equation 3.2. 1. Repeat the on-line activity ’Refractive index of a medium’, but this time write a description of what you did to generate your results. Use Equation 3.2 to complete your description. 2. Calculate the value of the refractive index for glass from the results that you obtained in the on-line activity ’ Refractive index of a medium’. Examples 1. Refractive index of water The diagram shows the path of a ray of light as it passes from air into water.



30o air



water 22o



Calculate the refractive index of water that these figures show. The refractive index of water is found using the relationship  water



 air  water ,



so
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water water water water



 air  water     



.......................................... 2. Absolute refractive index The following results were obtained when a ray of monochromatic light was sent from air into a perspex block. Angle between normal and ray in air,  1 (Æ )



Angle between normal and ray in perspex,  2 (Æ )



5.0 15 25 35 45 55 65 75 85



3.3 10 16 23 28 33 37 40 42



sin  1 0.087 0.259 0.423 0.574 0.707 0.819 0.906 0.966 0.996



 ½  ¾



sin  2 0.058 0.174 0.276 0.391 0.469 0.545 0.602 0.643 0.669



1.51 1.49 1.53 1.47 1.51 1.50 1.51 1.50 1.49



Calculate the value of the absolute refractive index of perspex, n perspex , that these results give. ½ The average of the   ¾ values from the table is 1.50. This is the value of the refractive index of the perspex used.



nperspex = 1.50 ..........................................



3.2.1



Refraction and frequency



Learning Objective



Æ



To state that the frequency of a wave is unaltered by a change in medium. To state that the refractive index depends on the frequency of the incident light.



The frequency of a wave is determined by the source that generated the wave. As a consequence of this, no matter what happens to a wave after it has been generated, its frequency does not change. This means that, when a light wave passes from one medium into another (when it is refracted) its frequency is unaltered. However, the refractive index of a medium does depend on the frequency of the incident light. Since wavelength and colour of light also depend on frequency, it follows that light of different wavelengths and therefore different colours will be refracted by different © H ERIOT-WATT U NIVERSITY
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amounts. If a beam of white light is refracted by a triangular glass prism, it is found that the white light is spread out to form a spectrum. The red end of the spectrum is deviated least from the original direction, while the violet end is deviated most. This is shown in Figure 3.2 . Figure 3.2: Spectrum from white light



red white light



blue



.......................................... Because the refractive index of glass depends on the frequency of the incident light, a glass lens will change the paths of different colours of light by different amounts. This can be overcome by making a lens used for high quality work over a range of frequencies out of two elements. Each of the elements is made from different types of glass with different refractive indices. Such a lens is called an achromatic doublet. A cut diamond sparkles because diamond has such a high value of refractive index. The way a diamond is cut enhances the sparkle by allowing a lot of light to be refracted out of the top faces. The colours are seen in a diamond’s sparkle because of the fact that the refractive index depends on the frequency (and so the colour) of the incident light. Example : Refractive index and colour A ray of white light passes from air into glass as shown in Figure 3.3. Figure 3.3:



red blue normal 30.0o



air



glass



.......................................... The refractive index of the glass is 1.65 for red light and 1.68 for blue light. Calculate the angle between the red light and the blue light in the glass (the angle of dispersion). © H ERIOT-WATT U NIVERSITY
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The refractive index of glass is given by the expression glass light:



 air  glass .



So for the red



  Æ   red light  Æ  red light     red light   red light   red light Æ



For the blue light:



 Æ    blue light   Æ  blue light    blue light   blue light   blue light Æ



The angle between the red light and the blue light in the glass (the angle of dispersion) is 17.6-17.3 = 0.3Æ . ..........................................



3.2.2



Refraction, wavelength and wave speed



Learning Objective



Æ



To state and use the relationships



 ½  ¾



½ ¾



½ ¾ .



We have already noted that when light is refracted, its frequency is unaltered. This is not the case with the wavelength and the speed of a wave. On refraction, both the wavelength and the speed of a wave change. When a wave passes from an optically less dense medium to an optically more dense medium, both its wavelength and its speed decrease. There are relationships that link the wavelengths and speeds of a wave in different media to the paths that the rays take in the media. When a wave refracts from medium 1 into medium 2 then the following relationships hold.  ½  ¾



½ ¾



½ ¾



.......................................... Where  1 = angle between wave and normal in medium 1 2 = angle between wave and normal in medium 2 1 = wavelength of wave in medium 1 2 = wavelength of wave in medium 2 v1 = wave speed in medium 1 v2 = wave speed in medium 2. © H ERIOT-WATT U NIVERSITY
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If medium 1 is a vacuum, or air as a close approximation, then these relationships become (for any medium)



medium



air or vacuum medium



air or vacuum medium



(3.4)



.......................................... Because the speed of a wave is always less in a medium than it is in air or a vacuum, Equation 3.4 shows us that nmedium is always greater than one.



Refraction of light, wavelength and speed An optional activity, showing the derivation of the relationships



½ ¾



½ ¾ .



Consider a wave of wavelength 1 travelling in medium 1, which meets the boundary of medium 2 at an angle of  1 . The wave refracts and continues at an angle of  2 in medium 2 with a new wavelength 2 . This is shown in Figure 3.4. Figure 3.4: Light waves refracting from medium 1 to medium 2







1



l



q1



q2 q1



1



l



10 min



 ½  ¾



l2



l2



l2



q2 







 



 



.......................................... From the geometry of Figure 3.4, we have:



  and



         



PQ 



PQ  2



PQ



PQ







Using the wave equation v = f , and remembering that the frequency of the wave does not change when the wave is refracted, we have: © H ERIOT-WATT U NIVERSITY
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 and     



   



  



These two relationships taken together give:  ½  ¾



½ ¾



½ ¾



You should be able to derive the relationships



 ½  ¾



½ ¾



½ ¾ .



.......................................... Example : Refraction, wavelength and speed A ray of white light passes from air into glass as shown in Figure 3.5. Figure 3.5:



red blue normal 30.0o



air



glass



.......................................... The refractive index of the glass is 1.65 for red light and 1.68 for blue light. The speed of the light in air is 3.00 x 108 m s-1 . 1. Calculate the speed of the red light in the glass. 2. Taking the wavelength of the red light in air as 700 nm, calculate the wavelength of the red light in the glass.
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1. Using the relationship given in Equation 3.4 we have, for the red light:



glass



 glass glass



air glass   



glass   



   m s - 1



2. And also for the red light:



glass



air glass



    glass    glass   nm glass ..........................................



Q1:



For the example given above:



1. Calculate the speed of the blue light in the glass. 2. Taking the wavelength of the blue light in air as 400 nm, calculate the wavelength of the blue light in the glass. ..........................................



Quiz 1 - Refractive index Multiple choice quiz. 20 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q2: Which of these statements about refractive index is/are true? medium (i) The refractive index of a medium is given by   vacuum . (ii) The refractive index of a medium is a measure of the ability of the medium to change the speed of a beam of light. (iii) The refractive index of a medium is always greater than one. a) (i) only b) (ii) only c) (iii) only © H ERIOT-WATT U NIVERSITY
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d) (i) and (ii) only e) (ii) and (iii) only .......................................... Q3: The diagram shows a ray of light refracting from water into air.



30o air



60o 68o



water



22o



Which expression gives the refractive index of water? a) b) c) d) e)



sin60Æ sin68Æ sin30Æ sin22ÆÆ sin22 sin30ÆÆ sin68 sin60Æ sin68Æ sin22Æ



.......................................... Q4: The diagram shows a ray of light refracting from air into glass.



air



60o



glass 32o



What is the refractive index of the glass used? a) 0.612 b) 1.06 c) 1.63 © H ERIOT-WATT U NIVERSITY
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d) 1.70 e) 2.77 .......................................... Q5: A light wave refracts from air into a glass block. Which of the following quantities for the wave does not change on refraction? (i) frequency (ii) wavelength (iii) speed a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (ii) and (iii) only ..........................................



Q6: A ray of light of wavelength 600 nm, travelling at 3.00 x 10 8 m s-1 in air, refracts into a perspex block. The refractive index of the perspex is 1.50. What is the wavelength and the speed of the light in the perspex? a) b) c) d) e)



wavelength 900 nm; speed 3.00 x 10 8 wavelength 900 nm; speed 2.00 x 10 8 wavelength 600 nm; speed 3.00 x 10 8 wavelength 400 nm; speed 2.00 x 10 8 wavelength 400 nm; speed 3.00 x 10 8



m s-1 m s-1 m s-1 m s-1 m s-1



..........................................



3.3



Total internal reflection and critical angle



Learning Objective



Æ



To explain what is meant by total internal reflection and the critical angle. To derive and use the relationship for the critical angle for a medium.



We have already seen that when a ray of light travels from air into glass, its direction is changed to be closer towards the normal at the point of incidence. Since rays of light obey the principle of reversibility, it follows that when a ray of light travels from glass into air, its direction will be changed to be further away from the normal at the point of incidence. This can be shown using the same semi-circular glass block that was used earlier, only this time with the ray of light directed at the semi-circular face. If the ray of light is directed towards the centre of the flat face of the block (i.e. along a radius of the semi-circle) its direction does not change when it enters the block. This is shown in Figure 3.6.
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Figure 3.6: Refraction from glass into air  



   



   



.......................................... Because the angle of refraction in the air is always greater than the angle of incidence in the glass, there is a maximum angle of incidence that allows the ray to refract out of the glass. The following activity is designed to let you see the effect of altering the angle in the glass, and to measure this maximum angle. The activity also allows you to observe what happens when the maximum angle for refraction is exceeded.



Total internal reflection On-screen simulation. 15 min



Full instructions are given on-screen. You should be able to explain what is meant by total internal reflection. You should be able to explain what is meant by critical angle  C . You should be able to describe the principles of a method for measuring a critical angle. The simulation should have shown you that when the angle between the normal and the ray in the glass,  glass , is below a certain critical value, the ray of light refracts out of the glass. As well as a refracted ray, there is also a reflected ray inside the glass. The reflected ray increases in brightness as  glass increases.



For one particular value of  glass (39Æ in the case of the simulation) the angle of refraction becomes 90Æ . This maximum value of  glass for which refraction can occur is known as the critical angle ( C ).



When the angle between the normal and the ray in the glass,  glass , is greater than the critical angle the ray of light does not refract but is reflected inside the glass block at the plane face. This property is known as total internal reflection. There is a relationship between the critical angle  C and the absolute refractive index of a medium, n. The following activity shows the derivation of this relationship.



Critical angle and absolute refractive index An activity that shows the derivation of the relationship sin  C = 1/n. We have seen already in Equation 3.2 that
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 vacuum or air  medium



medium , so:



5 min
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medium



 air  medium



The maximum value of  air is 90Æ , so the maximum value of sin  air is sin 90Æ = 1. Putting this value into the above equation, we have:



medium







 medium



The maximum value of  medium for which refraction can occur is known as the critical angle,  C for the medium, so:



medium



 



  C 



(3.5)



medium



.......................................... You should be able to derive the relationship sin  C = 1/n where  C is the critical angle for a medium of absolute refractive index n. You should be able to describe the principles of a method for measuring a critical angle. You should also be able to carry out calculations using Equation 3.5. 1. Repeat the on-line activity ’Total internal reflection’, but this time write a description of what you did to measure the critical angle. 2. Calculate the value of the refractive index for the glass used in the on-line activity ’ Refractive index of a medium’, by applying Equation 3.5. Example : Critical angle for diamond The refractive index, ndiamond , of diamond is 2.42. Calculate the critical angle for diamond.



 C  C







medium







diamond



 C   C  C Æ



.......................................... The total internal reflection of light has many applications. You will already be familiar with the use of optical fibres for the transmission of information by means of laser light. Optical fibres are used for communication, in medical instruments such as the © H ERIOT-WATT U NIVERSITY
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endoscope and to connect sensors to displays. One of the major benefits of using optical fibres instead of copper cables in applications such as those mentioned, is that they do not carry electrical signals and so they do not suffer from electrical interference. They can also be used in hazardous situations where electrical sparks could be dangerous. When optical fibres are used for communication, a modulated laser beam is sent along the fibre. Radiation in the visible or the infrared range can be used. As with all design considerations, there is a compromise to be achieved. If the frequency of the radiation is increased, then the rate at which information can be transmitted increases. However higher frequency radiation is also attenuated (cut down) more than radiation of lower frequencies as it travels through the optical fibres. Total internal reflection is also used in the materials that car number plates and some reflective road signs are made from. This material consists of a plastic base coat with thousands of tiny (about 0.1 mm in diameter) glass spheres embedded in it. Light shining on to the glass spheres is refracted, totally internally reflected, and then refracted again. This results in the light that emerges from each of the spheres being parallel to the incident beam. Because of the way the spheres are arranged in a single flat layer, the overall effect is to reflect incident light back in the original direction. Reflective safety bands on clothing are also made of this material. Many optical instruments, such as periscopes, single lens reflex (SLR) cameras and binoculars, make use of the total internal reflection of light within prisms. Two 45 Æ -45Æ 90Æ prisms are used in a periscope, as shown in Figure 3.7. Used in this way, each prism turns the ray of light through 90 Æ . One advantage that the prism periscope has over a periscope that uses the reflections at two mirrors is that there is total internal reflection at a prism, whereas only about 90% of a ray of light is reflected at each mirror. Also, with back-silvered mirrors, each mirror gives rise to two reflections (one from the top surface of the glass and one from the silvered back), causing four images, each slightly displaced from the others, to be seen by the viewer. Figure 3.7: Prisms used in a periscope



.......................................... A pair of binoculars consists essentially of two telescopes. To prevent the physical length of the instrument becoming too long, while maintaining a suitable magnification, each © H ERIOT-WATT U NIVERSITY
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TOPIC 3. REFRACTION OF LIGHT optical path is ’bent’ by passing the light through two 45 Æ -45Æ -90Æ prisms arranged at right angles to each other. The light follows the path shown in Figure 3.8 through each prism. Each prism bends the ray of light through 180 Æ . In this way, the direction of the light ray is unaltered, although there is lateral displacement of the ray. Such a prism is sometimes called a Porro prism. Figure 3.8: Prism used in binoculars (Porro prism)



..........................................



Quiz 2 - Total internal reflection and critical angle Multiple choice quiz. 20 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q7: What is the relationship between the critical angle,  C , and the absolute refractive index of a medium, n medium ? a) C medium b) C medium c)  C medium d)  C medium e)  C medium .......................................... Q8: A ’light guide’ is made from a perspex rod. The perspex has a refractive index of 1.50. What is the critical angle of the perspex? a) b) c) d) e)



2.62Æ 3.47Æ 41.8Æ 48.2Æ 56.3Æ
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.......................................... Q9: The critical angle for light emerging from ice into air is 50 Æ . What is the refractive index of ice? a) b) c) d) e)



1.13 1.19 1.31 1.56 2.00 ..........................................



Q10: Which of the following does not make use of total internal reflection? a) b) c) d) e)



an endoscope an achromatic doublet lens an optical fibre communication link a single lens reflex camera reflective road signs ..........................................



Q11: Each half of a pair of binoculars uses 2, 45 Æ -45Æ -90Æ prisms. The overall effect of these prisms on a ray of light is to a) b) c) d) e)



leave its direction unchanged but displace it sideways. change its direction by 180 Æ and displace it sideways. change its direction by 90Æ and displace it sideways. change its direction by 180 Æ but not displace it. leave its direction unchanged and not displace it. ..........................................



3.4



Summary



By the end of this Topic you should be able to: • state that the ratio to medium 2;



 ½  ¾



is a constant when light passes obliquely from medium 1



• state that the absolute refractive index, n, of a medium is the ratio is in a vacuum (or air) and  2 is in the medium;



 ½  ¾ ,



where  1



• describe the principles of a method for measuring the absolute refractive index of glass for monochromatic light; • carry out calculations using the relationship for refractive index, medium ;



 vacuum or air  medium



• state that the refractive index depends on the frequency of the incident light;
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• state that the frequency of a wave is unaltered by a change in medium; • state the relationships medium 2;



 ½  ¾



½ ¾



½ ¾



for refraction of a wave from medium 1 to



• carry out calculations using the relationships



 ½  ¾



½ ¾



½ ¾ ;



• explain what is meant by total internal reflection; • explain what is meant by critical angle  C ; • describe the principles of a method for measuring a critical angle; • derive the relationship sin  C = 1/n where  C is the critical angle for a medium of absolute refractive index n; • carry out calculations using the relationship sin  C = 1/n.



Online assessments End of Topic assessment. 20 min



Instructions are given on-screen. Two online tests are available. Each test should take you no more than 20 minutes to complete. Both tests contain questions taken from all parts of the Topic.
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4.1



Introduction



This is the first of four related Topics looking at optoelectronics and semiconductors, the branch of physics responsible for modern communications and technology. The Internet, satellite TV and mobile phones that we now take for granted are some of the benefits gained from this research. Although such technologies have only been around for a couple of decades or less, it should be noted that their existence is a direct result of the work of physicists born in the nineteenth century. We start the Topic by defining the term irradiance in relation to radiation. We then go on to investigate the photoelectric effect, discovered in 1887 by Heinrich Rudolph Hertz. In the last part of the Topic we see how the photoelectric effect could only be explained by radically changing our beliefs about the nature of light.



4.2







Irradiance



Learning Objective To define the term irradiance. To describe a method to show the relationship between irradiance and distance.



Æ







To carry out calculations involving the above relationship.



4.2.1



Definition



When radiation hits a surface at right angles, the irradiance at the surface is defined as the power per unit area. This can be written in the form of Equation 4.1











(4.1)



.......................................... Power (P) is measured in watts; area (A) is measured in square metres and irradiance (I) is measured in watts per square metre (W m -2 ). Note that when using Equation 4.1 we must only use the surface area actually hit by the radiation. Example : Irradiance calculations 1 A torch is shone on a wall 3 m wide by 2 m high. The torch produces a circle of light of radius 10 cm and the power of the light at the wall is measured to be 3 mW. Calculate the irradiance of the light at the wall.
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Area of circle



Power







  



   m2



   W 



       W m - 2



..........................................



Quiz 1 Irradiance calculations Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q1: The power of light hitting a 10 cm 2 area is measured to be 100 mW. What is the irradiance of light hitting the area? a) b) c) d) e)



0.01 W m-2 0.1 W m-2 1 W m-2 10 W m-2 100 W m-2 ..........................................



Q2: The irradiance of light hitting a solar panel measuring 2 m x 5 m is found, on average, to be 80 W m -2 over a one hour period. How much energy is received by the panel during that period? a) b) c) d) e)



480 J 800 J 28.8 kJ 48.0 kJ 2.88 MJ ..........................................



Q3: A 2 m2 solar panel receives 300 kJ over a 20 minute period. What was the average irradiance of the sunlight during this time? a) b) c) d) e)



0.125 W m-2 7.5 W m-2 125 W m-2 7 500 W m-2 180 000 W m -2
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.......................................... Q4: A 500 W spotlight produces a circle of light of diameter 4 m on a theatre stage. Assuming no energy losses, what is the irradiance of the light at the stage? a) b) c) d) e)



125 W m-2 80 W m-2 40 W m-2 31 W m-2 10 W m-2 ..........................................



Q5: A laser light produces a spot of light of irradiance 125 W m -2 . If the spot has diameter of 1 mm and assuming no energy losses, what is the power output of the laser? a) b) c) d) e)



0.1 mW 40 W 159 W 393 W 98 MW ..........................................



4.2.2



Irradiance of a point source



This section deals with the irradiance of a light source but it applies equally well to any other point source of radiation. An ideal point source is one which is infinitesimally small and radiates with equal irradiance in all directions. In practice no such source exists since even an atom has size but objects as large as stars can be considered as point sources at distances large in comparison to their radius. Point sources produce an expanding sphere of radiation. It is important when dealing with light sources to realise that irradiance is not the same thing as brightness. The brightness of a light source relates to how the human eye reacts to light. As you know, visible light ranges from red through to violet, but our eyes react to the middle of the spectrum more than the ends. For this reason green and yellow appear brighter than red or blue. As we move further away from a light source it may seem to be smaller but it does not appear any less bright. However there must be a link between distance and the effect it has on our eyes since we could suffer eye damage from a small glance at the sun yet we can easily look at larger and more powerful stars in the night sky. The reason for this is that the irradiance of light entering our eyes is different. Let’s consider a simple case: suppose we have a point source of light that has a constant power of 100 W. This source produces an expanding sphere of light and as we move further from the source the surface area of the sphere becomes larger. The irradiance is the power per unit area and as the power is constant, the irradiance must decrease with distance as it is spread over a larger area.
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Irradiance and distance investigation Online activity to investigate the effect of distance on the irradiance of a point source. 20 min



Full instructions are given on screen. The irradiance of radiation from a point source is inversely proportional to the square of the distance from the source. A graph of the irradiance I of a 100 W point source against distance (d) produces a curved line as shown in Figure 4.1. Figure 4.1: Irradiance against distance
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.......................................... If we then draw a graph of irradiance against 1/d 2 we obtain a straight line (Figure 4.2) through the origin, which shows that irradiance is inversely proportional to the square of the distance.
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Figure 4.2: Irradiance against 1/distance 2
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.......................................... This leads us to Equation 4.2:











      



 



(4.2)



.......................................... We already know that the irradiance of a source decreases with distance but this equation allows us to calculate by how much. In the following example we will show the effect of doubling the distance. Example : Irradiance and distance Suppose that a source has irradiance I 1 at a distance d1 . What is its irradiance I2 at a distance d2 where d2 = 2 x d1 ?
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So doubling the distance from a point source cuts the irradiance by a factor of four. .......................................... To explain this we need to consider the surface area of a sphere, which is equal to 4 r 2 . You may like to verify for yourself that doubling the radius of the sphere increases the surface area by a factor of four. If the power of the source is constant then Equation 4.1 tells us that the irradiance will be quartered. If we know the irradiance of a point source at one particular distance then we can calculate the irradiance at any other distance using Equation 4.2. Its important to realise that Equation 4.2 can only be used if we are dealing with a point source. A laser cannot be considered as such since laser light remains as a very narrow beam even over quite long distances. The irradiance of laser light remains approximately constant over short distances.



Quiz 2 Inverse square law Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: The irradiance of a point source of light is measured to be 32 W m -2 at a distance of 2 m. What is the irradiance at 8 m? a) b) c) d) e)



16 W m-2 8 W m-2 4 W m-2 2 W m-2 1 W m-2 ..........................................



Q7: The irradiance of a point source of light is measured to be 2.5 W m -2 at a distance of 12 m. What is the irradiance at 3 m? a) b) c) d) e)



0.625 W m-2 1.25 W m-2 5 W m-2 10 W m-2 40 W m-2 ..........................................
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Q8: The irradiance of a point source of light is measured to be 2 W m -2 by an observer at a distance of 140 cm. Another observer measures it to be 3 W m -2 . How far is the second observer from the source? a) b) c) d) e)



70 cm 93 cm 114 cm 131 cm 280 cm ..........................................



Q9: The power of a point source of light is measured to be 2 W spread over an area of 0.1 m-2 at a distance of 5 m. What is the irradiance of the light at 2 m? a) b) c) d) e)



12.5 W m-2 20 W m-2 50 W m-2 125 W m-2 1250 W m-2 ..........................................



Q10: The irradiance of a laser beam is measured to be 140 W m -2 at a distance of 50 cm. What is the irradiance at 2 m? a) b) c) d) e)



35 W m-2 70 W m-2 140 W m-2 280 W m-2 560 W m-2 ..........................................



4.3







Photoelectric emission



Learning Objective To describe the photoelectric effect. To explain the relationship between photoelectric current and the irradiance of the incident radiation.



Æ



To explain the relationship between photoelectric current and the frequency of the incident radiation.



In the late nineteenth century Heinrich Hertz was investigating how an electrical spark created in one electrical circuit could cause a spark in another, electrically-isolated, circuit. He noticed that the spark in the secondary circuit was more pronounced when it was illuminated by the light from the original spark. This seemed to suggest that light was enhancing the current in some way. He went on to investigate this photoelectric effect as it became known, little realising that it would lead to a major controversy about the nature of light. © H ERIOT-WATT U NIVERSITY
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The photoelectric effect



The photoelectric effect can be demonstrated using a gold leaf electroscope (Figure 4.3): a simple device that can be used to measure small amounts of positive or negative charge. When charged the gold leaf will be repelled from its support and the angle between the leaf and the support is an indication of the amount of charge on the electroscope. The electroscope can be discharged by connecting the metal cap to earth, allowing charge to flow from the device. Figure 4.3: Gold leaf electroscope



.......................................... Q11: A positively or negatively charged electroscope can also be discharged by bringing a burning taper near to the cap. Can you explain why this would happen? .......................................... Under certain conditions light shining on the cap of an electroscope will also cause it to discharge but can this be explained in the same way as the flame?



Photoelectric investigation Online activity to investigate the nature of the photoelectric effect. Full instructions are given on screen. As you work through all possible combinations in the simulation, you should complete the following table.
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Light



Metal Steel Steel Zinc Zinc



Visible



Irradiance Low Low Low Low High



Visible



High



Steel



Visible



High



Zinc



Visible Ultraviolet Ultraviolet Ultraviolet Ultraviolet



High



Zinc Steel Steel Zinc Zinc



Visible Visible Visible Visible



Steel



Ultraviolet



Low Low Low Low High



Ultraviolet



High



Steel



Ultraviolet



High



Zinc



Ultraviolet



High



Zinc



Steel



Charge



Effect



Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative



The photoelectric effect depends on the frequency and irradiance of radiation and on the type of material irradiated. We can summarize the results of the previous investigation in the following table. Light



Metal Steel Steel Zinc Zinc



Visible



Irradiance Low Low Low Low High



Visible



High



Steel



Visible



High



Zinc



Visible Ultraviolet Ultraviolet Ultraviolet Ultraviolet



High



Zinc Steel Steel Zinc Zinc



Visible Visible Visible Visible



Steel



Ultraviolet



Low Low Low Low High



Ultraviolet



High



Steel



Ultraviolet



High



Zinc



Ultraviolet



High



Zinc



Steel



Charge Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative



Effect None None None None None None None None None None None Slow discharge



Positive Negative



None None



Positive Negative



None Fast discharge



At first sight it may seem that this is a large table that tells us very little. However, this is a © H ERIOT-WATT U NIVERSITY
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case where we can tell as much from the situations that do not produce the photoelectric effect as we can from those that do. Use the table to answer the following questions: Q12: Can a positively charged electroscope be discharged by light? a) Yes b) No .......................................... Q13: Can white light cause the photoelectric effect in zinc or steel? a) Yes b) No .......................................... Q14: Can ultraviolet light cause the photoelectric effect in steel? a) Yes b) No .......................................... Q15: Can ultraviolet light cause the photoelectric effect in zinc? a) Yes b) No .......................................... Q16: Is the photoelectric effect dependent on the irradiance of the ultraviolet source? a) Yes b) No .......................................... The answer to the question ’Can a positively charged electroscope be discharged by light?’ suggests that the photoelectric effect is caused by the removal of electrons from the metal. The answers to the other questions tell us that the effect also depends on the type of metal, the type of radiation and the intensity of the radiation. It was already known that electrons can escape from a metal if they are able to absorb enough energy. The fact that no effect was observed with steel suggests that the electrons are more difficult to remove but why should there be a difference between white light and ultraviolet? Visible light is electromagnetic radiation. So too is ultraviolet although it has a higher frequency. This is where the problem arises. According to classical theory the energy of a wave is related to its amplitude and so there is no way to explain why a very dim ultraviolet source can cause the photoelectric effect while a very bright white light source cannot. Think of the electrons in the metal as pebbles on a beach and the light as the © H ERIOT-WATT U NIVERSITY
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sea. Why should small amplitude waves, arriving often, throw the pebbles inland, while low frequency waves, no matter how big, are unable to remove them from the beach? The only plausible explanation for the photoelectric effect is that light behaves like a particle and that the energy of the particle, or photon, is related to the frequency of the radiation. Every photon of ultraviolet light has enough energy to remove electrons from zinc but not enough to remove them from steel. The energy of a photon of visible light is not enough to produce the photoelectric effect in either steel or zinc. Increasing the irradiance of a source increases the number of photons arriving at the surface. This will speed up the process if the photons have enough energy to remove electrons but will make no difference if the photons have less energy than necessary. To help visualize the situation we can think of the electrons in an atom as being in a potential energy well like marbles in a bowl, Figure 4.4. As photons strike the electrons they force them up the sides of the well but only photons with sufficient energy can push the electrons over the side, allowing them to escape. If the electrons don’t gain enough energy, they fall back inside the atom. Figure 4.4: The photoelectric model 







 



   



    



.......................................... Although we have only considered two sources of electromagnetic radiation, it should be remembered that the electromagnetic spectrum consists of a large range of frequencies and it can be shown that there is a minimum frequency for which photoemission will occur for any particular substance. This is known as the threshold frequency and is given the symbol f0 .



4.3.2



Investigating the photoelectric effect



The factors affecting photoelectric emission can be investigated using the apparatus shown in Figure 4.5. The apparatus allows the frequency and irradiance of the © H ERIOT-WATT U NIVERSITY
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electromagnetic source to be altered as well as the type of metal used for the photocathode. The chamber of the apparatus is evacuated and if the radiation causes photoemission, the electrons may have enough energy to reach the anode. This flow of electrons would constitute an electric current detectable by the ammeter. The power supply can be used to produce an electric field between the two electrodes and this can be used to attract or repel the photoelectrons to or from the anode. We can use this to find the maximum energy of the photoelectrons. Figure 4.5: Photoelectric apparatus



   



   



     



           



 .......................................... Using the apparatus in Figure 4.5, the following graphs can be produced. Note that the sign of the voltage refers to the polarity of the anode compared to the photocathode so a negative voltage corresponds to the anode being more negative than the photocathode.



This graph shows current against voltage for a particular material and light source. V s stands for the stopping potential, the minimum negative voltage required to prevent any electrons reaching the anode. As the potential becomes less negative some of the more energetic electrons can overcome the repulsion and reach the opposite electrode and a current is registered. The current does not reach a maximum at zero volts since the electrons are ejected in many directions and so some will not reach the anode. © H ERIOT-WATT U NIVERSITY
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A positive voltage applied to the anode attracts more of the electrons but there is a maximum current, which occurs when all of the electrons reach the anode. The  , maximum energy of the electron can be calculated using the equation  where Q is the charge on the electron and V s is the stopping potential.



This second graph shows that the maximum current can only be increased by increasing the irradiance of the radiation source. This is due to the fact that more electrons are being released each second. More electrons means more charge and as  , this must result in an increased current. Notice that irradiance has no effect on the stopping potential, as the maximum energy of the photoelectrons is determined by the frequency of the light, which is constant here.



The third graph shows that the photoelectric current is directly proportional to the irradiance of the source for frequencies greater than the threshold frequency (f 0 ). Note that the source must be monochromatic, i.e. it must consist of a single frequency.
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The final graph shows that the stopping potential V s is directly proportional to the frequency of the source once the frequency exceeds the threshold value (f 0 ).



Extra Help: Describing the photoelectric effect 4.3.3



Wave particle duality



Physics is an attempt to explain the reality of the universe. It does this by building models (theories) that can predict the result of experiments. The ultimate goal of physics is to produce a single theory that will explain everything, but until that time arrives we must make do with multiple models of the universe. Although imperfect, the use of multiple models is still very useful. Consider a portrait and a life-size statue of someone: each one can tell us something different about the person but neither gives the complete picture. That does not mean that these works of art have no value. Theories usually only last until they fail to produce correct results, in which case they are discarded and replaced by new ones although occasionally they can be retained as special cases of the new theories. The photoelectric effect, however, caused major problems for physicists. There were now two contrasting theories about the nature of light and there seemed to be no way to reconcile them. Which was correct? Was light a wave or was it a particle? The idea that light can act like a particle troubled many physicists as light showed all the characteristics of a wave: refraction; diffraction; interference. Also, they argued, if light does consist of particles, why do two overlapping light beams not collide with each other in the way that two jets of water would? As we learn more about the universe, we modify our models to take account of new developments. Light does behave like a wave and it also behaves like a particle but it is only false preconceptions that say it can only be one thing or the other. We now know that particles can have wave-like properties and a diffraction pattern can be created using a beam of electrons.
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4.4







Photoelectric calculations



Learning Objective To explain the particle nature of electromagnetic radiation and the relationship between energy and frequency. To carry out calculations using the relationship E = hf. To explain the relationship between irradiance and number of photons, I = Nhf.



Æ



To state the relationship between the kinetic energy of photoelectrons, photon energy and the work function of the material, E k = hf - hfo .



The outcome of investigations into the photoelectric effect was that light can be thought of as consisting of photons, which are essentially small packets of energy. Each photon contains a quantum of energy, the size of which depends only on the frequency of the light. It was shown that the energy of a photon is directly proportional to its frequency and so this led to a new equation:











(4.3)



.......................................... Where E stands for the energy in joules, f is the frequency in hertz and h is the constant of proportionality, called Planck’s constant. h = 6.63 x 10 -34 J s. Example : Photon energy Calculate the energy of a photon of red light that has a wavelength of 680 nm. We must first calculate the frequency of the light:











  



     Hz



We then use the frequency to calculate the energy:



   



       J



.......................................... Using Equation 4.3, we can calculate the minimum energy needed to eject an electron from the surface of a material. This is known as the work function of the material and is equal to hf0 , where f0 is the threshold frequency of radiation. Example : Work function The minimum frequency needed to cause photoemission from a material is found to be 8.4 x 1014 Hz. What is the work function of the material? © H ERIOT-WATT U NIVERSITY







4.4. PHOTOELECTRIC CALCULATIONS



work function



65



0  



       J



.......................................... If the radiation incident on a material has a frequency greater than the threshold frequency then electrons will be ejected with a range of kinetic energies. The maximum kinetic energy of any electron is equal to the difference between the photon energy (hf) and the work function hf 0 :







  



Example : Electron kinetic energy The material mentioned in the previous example is irradiated with UV light of frequency 1.5 x 1015 Hz. What is the maximum kinetic energy of the emitted photoelectrons? Maximum kinetic energy of electron



photon energy - work function



              J



         



.......................................... We defined irradiance at the start of this Topic as power per unit area. If we consider a monochromatic light source shining on 1 m 2 of a material for one second then we can say that N photons, each with energy hf, will have hit the material during that time. The total energy therefore must be Nhf joules. We can then express the irradiance of the light in terms of its frequency and the number of incident photons:







     











  















Example : Photon Irradiance The irradiance of a light source hitting an area of 1 m 2 is measured to be 7.4 x 10-4 W m-2 . If the frequency of the light is 5.6 x 1014 Hz, how many photons hit the area each second? © H ERIOT-WATT U NIVERSITY
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..........................................



Quiz 3 Photoelectric effect Multiple choice quiz. 20 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Data: Planck’s constant h = 6.63 x 10-34 J s Q17: What is the energy of a photon with a frequency of 7.25 x 10 14 Hz? a) b) c) d) e)



9.14 x 10-49 J 4.81 x 10-19 J 4.14 x 10-7 J 2.42 x 106 J 1.09 x 1048 J ..........................................



Q18: What is the wavelength of a photon with energy 3.00 x 10 -19 J? a) b) c) d) e)



1.00 x 10-27 m 6.63 x 10-7 m 4.52 x 1014 m 1.36 x 1023 m 1.00 x 1027 m ..........................................



Q19: The work function of a material is 6.21 x 10 -19 J. Which one of the following frequencies of light will eject photoelectrons with the least maximum kinetic energy? a) b) c) d) e)



9.1 x 1014 9.2 x 1014 9.3 x 1014 9.4 x 1014 9.5 x 1014



Hz Hz Hz Hz Hz ..........................................



Q20: What is the maximum kinetic energy of electrons emitted from a surface that has a threshold frequency of 8.35 x 10 14 Hz when it is illuminated by light of frequency 8.74 x 1014 Hz? © H ERIOT-WATT U NIVERSITY
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a) b) c) d) e)
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2.59 x 10-20 J 5.54 x 10-19 J 5.79 x 10-19 J 1.13 x 10-18 J 6.24 x 10-6 J ..........................................



Q21: The irradiance of a light with a frequency of 5 x 10 14 Hz is found to be 0.5 W m -2 when measured at a window of area 2 m 2 . How many photons pass through the window each second? a) b) c) d) e)



1.7 x 10-19 1.5 x 1018 3.0 x 1018 1.7 x 1019 3.4 x 1019 ..........................................



4.5



Summary



By the end of this Topic you should be able to: • state that the irradiance I at a surface on which radiation is incident is the power per unit area; • describe the principles of a method for showing that the irradiance is inversely proportional to the square of the distance from a point source; • carry out calculations involving the relationship I = k/d2 ; • state that photoelectric emission from a surface occurs only if the frequency of the incident radiation is greater than some threshold frequency f 0 , which depends on the nature of the surface; • state that for frequencies smaller than the threshold value, an increase in the irradiance of the radiation at the surface will not cause photoelectric emission; • state that for frequencies greater than the threshold value, the photoelectric current produced by monochromatic radiation is directly proportional to the irradiance of the radiation at the surface; • state that a beam of radiation can be regarded as a stream of individual energy bundles called photons, each having an energy E = hf, where h is Planck’s constant and f is the frequency of the radiation; • carry out calculations involving the relationship E = hf; • explain that if N photons per second are incident per unit area on a surface, the irradiance at the surface is I = Nhf; © H ERIOT-WATT U NIVERSITY
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• state that photoelectrons are ejected with a maximum kinetic energy E k , which is given by the difference between the energy of the incident photon hf and the work function of the material hf0 of the surface: Ek = hf - hf0 .



Online assessments End of Topic assessment. 20 min



Instructions are given on-screen. Two online tests are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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5.1



Introduction



This is the second of four related Topics looking at optoelectronics and semiconductors, the branch of physics responsible for modern communications and technology. We start this Topic with a look at the internal structure of the atom and show how this can be used to explain radiation spectra. We finish with a look at a practical use of this research: the laser.



5.2







Energy levels



Learning Objective To explain atomic energy levels and to show how these can be represented on a diagram.



Æ



To use correctly the terms: ground state, excited state and ionisation level.



We saw in the last Topic that a photon of light with sufficient energy can knock an electron out of a metal and that the kinetic energy of the electron is equal to the difference between the photon’s energy and the energy needed to remove it from the metal. We now ask two questions: 1. What happens to the electron if its kinetic energy is zero? 2. What happens if a photon does not have enough energy to remove the electron? If the electron gains just enough energy to break free from the atom then it will have no excess kinetic energy and will be stationary next to the atom, which now has a positive charge. In all probability the electron will be attracted back inside the atom but what happens to the energy that it absorbed from the photon? In order to fall back into the atom the electron must give out the energy it absorbed and it does this by releasing another photon. Even if a photon does not have enough energy to ionise an atom it can still pass it on to an electron, which effectively stores the energy until the electron releases it again in the form of a new photon. What is strange about this process is that, for any particular element, only photons of certain frequencies can be absorbed. It seems that electrons can only have certain discrete amounts of energy within an atom. To help us visualize this situation we can produce an energy level diagram as shown in Figure 5.1. The lowest line in the diagram represents the lowest energy that an electron can have and is called the ground state. Electrons on higher levels are said to be in an excited state and the top line represents the ionisation level of the atom. Notice that the energy levels get closer together the further they are from the ground state. As stated earlier an electron that gains just enough energy to reach the ionisation level will have zero kinetic energy. If it falls back into the atom it will emit energy in the form of a photon. For that reason the energy levels are given negative values. The value refers to the energy an electron must gain to reach the ionisation level. Every element has its own unique energy level diagram and the energies shown in Figure 5.1 refer to an atom © H ERIOT-WATT U NIVERSITY
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of hydrogen. Figure 5.1: Energy level diagram



            



       



           



  



.......................................... We will look at the evidence for energy levels in atoms in the next section.



5.3



Spectra explained



Learning Objective



Æ



To explain spectra in terms of atomic energy levels.



Sir Isaac Newton showed that white light could be split into the colours of the rainbow. This is known as a continuous spectrum since all the colours merge into each other. However, if we look at the spectra of heated elements we get something quite different. When elements are placed in a bunsen flame, the flame burns with a distinctive colour. If the element is in the form of a gas and electricity is passed through it, the gas glows with the same distinctive colour.



5.3.1



Line emission spectra



If we pass the light produced from heated elements through a prism, the spectra produced are quite different from the continuous spectrum of white light. Only certain colours are seen as thin lines separated by areas of darkness. Every element has its own unique set of spectral lines and this fact can be used to identify elements. Line emission spectra are like fingerprints of elements, allowing astronomers to establish what elements are present within a star. In fact helium was discovered on the Sun before it was found on Earth because of its spectral lines, which did not match any known element. The element was named after the Greek word for the sun: helios. This type of spectrum is called a line emission spectrum and it is this that provides the © H ERIOT-WATT U NIVERSITY
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evidence for the atomic energy levels mentioned in the last section. When an electron jumps down to a lower level it loses energy in the form of a photon. Using the equation   we can relate this energy to a particular frequency of radiation, which in the case of visible light refers to a particular colour in the spectrum. If electrons were allowed to make any size of jump then every colour would be possible and the spectrum would be continuous. As we only get individual lines it must mean that certain jumps are just not allowed. Figure 5.2: Line emission spectrum



.......................................... In line spectra some lines appear more intense than others. This is due to some energy jumps being more likely than others. An electron that gains enough energy to jump from the ground state up to the third excitation level doesn’t have to jump straight back down to the ground state; it could for instance jump to the second level and then to the ground state, or by any other possible route (Figure 5.3). The more electrons that take a particular jump the more intense the spectral line will appear. Figure 5.3: Energy jumps



         .......................................... This effect is used in fluorescent lighting. The gas used in a fluorescent tube emits photons in the ultraviolet part of the spectrum, which is totally invisible to the human eye. The coating inside the glass tube absorbs the UV photons and the electrons jump to a high energy level. When the electrons return to the ground state, they do so in a series of steps and so the photons that they emit have less energy than the original ones and so appear as visible light. Why should electrons, having reached an upper level, fall back down again? The reason is that atoms are at their most stable when all of their electrons are in their lowest © H ERIOT-WATT U NIVERSITY
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possible levels and so electrons cannot stay in an excited state indefinitely. This does not mean that all the electrons eventually fall down to the ground state, as this level is only able to hold two electrons. When this is filled, a third electron must go into the first energy level above. Don’t worry about this as we will only be dealing with the energy level diagram for hydrogen, which of course only has one electron. In some materials the electrons can stay at a higher level for some time. This means that they can absorb energy from a light source and re-emit it after the original source is removed. It is this effect, called phosphorescence, that is used for glow-in-the-dark novelty toys.



5.3.2



Line absorption spectra



A close look at the spectrum of sunlight reveals that it is not completely continuous. In fact it has many hundreds of thin dark lines across its range. These are known as ’Fraunhofer lines’ after Joseph Fraunhofer who made a careful study of them. The dark lines matched exactly the emission line spectra of known elements. As you know, white light is made up of all the possible frequencies of visible light, which is why it produces a continuous spectrum. This means that white light contains photons of every possible energy within the visible range. If the spectrum of white light is viewed after having passed through a gas then it too has a series of dark lines across it. The lines match exactly the visible section of the emission spectrum of the elements that make up the gas. This is known as a line absorption spectrum. The reason of course is that the electrons within the atoms of the gas absorb the photons that have just the right amount of energy needed for a jump to a higher level. The electrons will eventually drop back down to the lower level again and release photons but the line will still appear black as the released photons can radiate in any direction and so only a very small amount will continue in the original direction. Figure 5.4: Absorption and re-emission of photons



.......................................... Can you see how this also applies to the dark lines seen in the Sun’s spectrum? The © H ERIOT-WATT U NIVERSITY
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outer layers of the Sun are cooler than the inner layers and so the gases there absorb some of the photons produced in the Sun’s core. Like the gas absorbing some of the white light, the photons will eventually be released but they will radiate in many directions and again the lines will appear darker than the rest of the spectrum. This method is also useful for identifying the gases in the atmosphere of a planet, which does not radiate its own light. The spectrum of the sunlight that passes through the atmosphere of the planet will be missing some lines corresponding to the elements in the atmosphere.



5.3.3



Energy level calculations



The study of line spectra is one way of calculating the energy levels of the elements. It is quite easy to see that the bigger the jump, the higher the energy of the photon produced. This of course means the higher the frequency of photon. Remember that only some of these frequencies will correspond to visible light and it is necessary to check within the infrared and ultraviolet sections of the spectrum to get a fuller picture. Consider a line in an emission spectrum. It must be the result of an electron jumping from one level (W2 ) to a lower level (W1 ), although it does not mean that W 1 is the next level down from W2 . This jump will emit a photon of energy (E) equal to W 2 - W1 and since we also know that   we can state that in general:



  







(5.1)



.......................................... Equation 5.1 must also apply to a line in an absorption spectrum as it requires the absorption of the same amount of energy to jump up from W 1 to W2 . If we know the value of W1 and the frequency of the ’missing’ line, we can calculate W 2 by expressing Equation 5.1 in the form:











 



Example : Energy level calculations Figure 5.5 shows some of the energy levels for hydrogen.
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Figure 5.5: Hydrogen energy level diagram



      



   



                 



  



.......................................... a) Calculate the highest frequency emission line for the energy levels shown. b) Calculate the missing energy level if an electron in the ground state reaches it by absorbing a photon of frequency 3.15 x 10 15 Hz. a) The highest frequency spectral line corresponds to the largest energy jump i.e. from the ionisation level down to the ground state, which in this case is equal to 2.18 x 10-18 J.







b) W4
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    Hz        







..........................................



Quiz 1 Energy level calculations Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. All of the questions refer to Figure 5.5, which shows the first four energy levels of © H ERIOT-WATT U NIVERSITY
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hydrogen. Data: Planck’s constant h = 6.63 x 10-34 J s Q1: How many emission lines could be produced by jumps between the four energy levels of hydrogen? a) b) c) d) e)



3 4 6 8 12 ..........................................



Q2: An electron jumps to a lower energy level in an atom releasing a photon of energy 3.01 x 10-19 J. What is the frequency of the emitted photon? a) b) c) d) e)



1.99 x 10-52 Hz 6.61 x 10-7 Hz 1.51 x 106 Hz 4.54 x 1014 Hz 1.36 x 1023 Hz ..........................................



Q3: How many of the possible jumps would release photons in the visible region of 4.3 x 1014 Hz to 7.5 x 1014 Hz? a) b) c) d) e)



1 2 3 4 5 ..........................................



Q4: What is the maximum wavelength of radiation that could ionise an electron in the ground state? a) b) c) d) e)



90 nm 91 nm 97 nm 1535 nm 1754 nm ..........................................



Q5: What would be the kinetic energy of an electron ionised from the ground state when illuminated with light of frequency 3.50 x 10 15 Hz? a) 1.45 x 10-19 J b) 1.78 x 10-18 J c) 2.08 x 10-18 J © H ERIOT-WATT U NIVERSITY
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d) 2.19 x 10-18 J e) 2.32 x 10-18 J ..........................................



5.3.4



Continuous spectra



Line emission spectra really only apply to low pressure gases, where the atoms are far apart and do not interact with each other to any great extent. In other situations, such as hot solids or high pressure gases, the electrons are not confined to jumps within their own atom. It is possible for an electron to jump between atoms and so many more jumps are now possible. This results in many more possible frequencies and so the spectrum appears continuous.



5.4



Lasers



Learning Objective







To explain spontaneous and stimulated emission of radiation. To explain how a laser works.



Æ



To explain why low power lasers can be dangerous to eyesight.



As stated in the last section, an electron in an excited state within an atom will eventually drop back down to a lower level and in doing so will release a photon. The release of a photon in this way is called spontaneous emission of radiation and, like radioactive decay, the process is totally random; there is no way of predicting when a particular electron will jump down. Let us consider the situation of photons passing through a gas. An electron in the ground state can absorb a photon of energy hf and jump up to the next level ( Figure 5.6), but what happens if another identical photon passes by the electron while it is in the excited state? The electron can’t absorb the photon as the only jump permitted, for that energy, is the one it has just taken. The somewhat unexpected result in this case is that the photon can cause the electron to jump back down to the lower level. This of course releases another photon of the same energy as the one causing the jump. This is known as the stimulated emission of radiation. An even more surprising result is that the two photons are also in phase and travel in the same direction.
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Figure 5.6: Stimulated emission of radiation



         



     .......................................... The photons can now do one of three things: 1. Pass out of the gas with no more interactions. 2. Cause electrons in the ground state to jump to the higher level. 3. Cause further stimulated emission of photons. It is the third possibility that can give rise to Light Amplification by Stimulated Emission of Radiation or LASER for short. Figure 5.7 shows the main parts of a ruby laser. This was the first type of laser produced and although many other materials have since been used, the basic method is the same for all of them. The two mirrors reflect the photons keeping them within the ruby and allowing the possibility of more stimulated emissions. One of the mirrors reflects 100% of the light while the other allows a small percentage of the light to pass through it. It is this transmitted light that makes up the laser beam.
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Figure 5.7: The ruby laser



       



      



      



.......................................... This is not enough to amplify the light since the electrons can jump up as well as down and so the material would be absorbing as many photons as it was releasing. To overcome this problem we must ensure that there are more electrons in the excited state than in the ground state. This is known as a population inversion and to accomplish it, a pumping circuit is used. The pumping circuit could provide energy continuously or in short pulses, however some lasers can only produce laser light for short periods. These are known as pulsed lasers; the ruby laser is an example of this type. Electrons normally stay in excited levels for less than a millionth of a second but some levels are known as metastable states and electrons can stay in these for much longer than this, Figure 5.8. Figure 5.8: Energy levels within a laser
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The pumping circuit of the laser can use light, electrical discharge or other means to supply enough energy to raise the electrons from the ground state to a level above the metastable state. These electrons quickly drop down to the metastable state where they tend to stay and so the population inversion is achieved. A photon produced by spontaneous emission can now start the process of stimulated emission and a chain reaction can quickly build up. Some of the photons will be absorbed by electrons in the ground state and some will pass through the sides of the laser but the population inversion ensures that there is an overall build up of intensity in the laser beam. The mirrors in the laser ensure that only photons travelling along the horizontal axis of the laser will continue to be amplified and so the emitted laser beam consists of a very narrow and intense beam of monochromatic radiation. A laser might produce a point of light with an area of 1 mm 2 and so the total energy of the laser is concentrated into this area. There is very little spread in the laser beam and so its intensity is hardly affected by increasing distance. Because of this it is very dangerous to look directly into a laser. If you look at a point source of light, which has a power of 100 watts, from a distance of 2 metres then the intensity at your eye is about 2 W m -2 . A laser with a power output of 0.1 mW that has a spot area of 1 mm 2 has an intensity of about 100 W m-2 .



Quiz 2 Lasers Multiple choice quiz. 20 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6:



Which of the following statements about stimulated emission is/are true?



The emitted photon and the stimulating photon: (i) are in phase. (ii) travel in the same direction. (iii) have the same amount of energy. a) b) c) d) e)



(i) only (ii) only (i) and (ii) only (i) and (iii) only (i), (ii) and (iii) ..........................................



Q7:



Which of the following statements about the mirrors inside a laser is/are true?



(i) The mirrors are 100% reflective. (ii) The mirrors prevent photons escaping through the sides of the laser. (iii) The mirrors are necessary for light amplification. a) (i) only b) (ii) only c) (iii) only © H ERIOT-WATT U NIVERSITY
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d) (ii) and (iii) only e) (i), (ii) and (iii) .......................................... Q8: What would be the energy jump inside a laser if it produces light of wavelength 565 nm? a) b) c) d) e)



3.75 x 10-40 3.52 x 10-37 3.52 x 10-28 8.52 x 10-26 3.52 x 10-19



J J J J J ..........................................



Q9: Why can visible light from a low power laser be dangerous to look at? a) b) c) d) e)



The photon energy is extremely high. The photons travel faster than normal. The light contains high energy invisible frequencies. The intensity of light is very high. The wavelength of the light is very small. ..........................................



Q10: What would be the wavelength of laser light produced by an energy jump of 3.14 x 10-19 J? a) b) c) d) e)



6.33 x 10-7 m 1.58 x 106 m 4.74 x 1014 m 1.42 x 1023 m 1.44 x 1060 m ..........................................



5.5



Summary



By the end of this Topic you should be able to: • state that electrons in a free atom occupy discrete energy levels; • draw a diagram which represents qualitatively the energy levels of a hydrogen atom; • use the following terms correctly in context: ground state, excited state, ionisation level; • state that an emission line in a spectrum occurs when an electron makes a transition between an excited energy level W 2 and a lower level W 1 , where W2 - W1 = hf; © H ERIOT-WATT U NIVERSITY
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• state that an absorption line in a spectrum occurs when an electron in energy level W1 absorbs radiation of energy hf and is excited to energy level W 2 , where W2 = W1 + hf; • explain the occurrence of absorption lines in the spectrum of sunlight; • state that spontaneous emission of radiation is a random process analogous to the radioactive decay of a nucleus; • state that when radiation of energy hf is incident on an excited atom, the atom may be stimulated to emit its excess energy hf; • state that in stimulated emission the incident radiation and the emitted radiation are in phase and travel in the same direction; • state that the conditions in a laser are such that a light beam gains more energy by stimulated emission than it loses by absorption - hence Light Amplification by the Stimulated Emission of Radiation; • explain the function of the mirrors in a laser; • explain why a beam of laser light having a power even as low as 0.1 mW may cause eye damage.



Online assessments End of Topic assessment. 20 min



Instructions are given on-screen. Two online tests are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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6.1



Introduction



This is the third of four related Topics looking at optoelectronics and semiconductors, the branch of physics responsible for modern communications and technology. We start the Topic with a look at the electrical properties of different materials and see how they can be classified into three groups. We go on to see how the electrical properties of some materials can be changed and how doing this led to the development of modern electronic devices.



6.2







Electrical properties



Learning Objective To explain the term ’semiconductor’.



Æ



To give examples of conductors, insulators and semiconductors.



Early on in your study of science you learned that materials are either conductors or insulators. In reality the difference between them is more a matter of degree than of type. Every substance resists the flow of charge to some extent but some have a higher resistance than others. If you put a big enough voltage across any material, charge will flow through it; think about what happens when lightning hits a building or a tree. As you know, conductors have a low resistance and insulators have a high resistance but there is no clear distinction between the two; there is no cutoff resistance that defines whether a material should be classed as one thing or the other. However this is not a problem in choosing materials for a specific purpose since there are plenty of good conductors and even more good insulators to choose from. Some materials have a resistance somewhere between that of good conductors and good insulators. For instance the human body is a poor conductor but the voltage of the mains supply is quite enough to deliver a fatal electric shock. Table 6.1 shows a selection of conductors, insulators and semiconductors. In general, metals and alloys such as steel are conductors while most non-metals and compounds are insulators. The semiconductors are the substances with a resistance somewhere between that of conductors and insulators, that also have electrical properties that can be manipulated by the addition of impurities as shown below. Table 6.1: Electrical properties Conductors Iron Tungsten



Insulators Carbon (Diamond)



Semiconductors Silicon



Wood



Germanium



Carbon (Graphite)



Plastic



Selenium



..........................................
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For the rest of this Topic we will mainly be concerned with the electrical properties of elements. You should remember from the previous Topic that electrons occupy different energy levels within an atom. These levels are sometimes called shells, orbits or bands with the highest energy levels corresponding to the outermost shells and lower energy levels to inner shells. The electrical properties of an element depend on the number of electrons in its outermost, or valence shell, as the inner electrons are more tightly bound to the nucleus of the atom and don’t take part in conduction. The maximum number of electrons that an element can have in its valence shell is eight. A full valency shell is very stable - it is difficult to remove electrons from a full shell. Elements that have a full valency shell are very good insulators. Metals have a low number of valence electrons and these are easily removed from the atom; this means that metals are good conductors. Non-metals have four or more valence electrons but they are more tightly bound to the nucleus and are much harder to remove; this makes them good insulators. It is the elements with four electrons in their outer shell that are used as semiconductors. If we look at a diagram of pure silicon with its four outer electrons (Figure 6.1), we see that the atoms form a regular pattern and that the electrons pair up with those from neighbouring atoms. By sharing, each atom ’sees’ the stable 8 electron closed outer shell and so the material has a very high resistance. Pure semiconductors are also referred to as intrinsic semiconductors. Figure 6.1: Silicon crystal structure



.......................................... In the next section we will see how the electrical properties of an intrinsic semiconductor can be changed making it a much more useful material.
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6.3







Doping



Learning Objective To state that the electrical properties of a semiconductor can be changed by the addition of impurity atoms.



Æ



To explain how n-type and p-type semiconductors can be manufactured.



Doping is the process of adding tiny amounts of impurity atoms into a crystal of pure semiconductor material. By tiny amounts we mean less than one impurity atom per billion. The impurity atoms chosen will either have three or five valence electrons and we can see the effect of this on the crystal structure of silicon in Figure 6.2 Figure 6.2: Doping



.......................................... If we add atoms with five valence electrons one of the electrons will be loosely bound and able to move freely within the crystal structure, effectively lowering the resistance of the material. This is known as n-type semiconductor as it has extra negative charge carriers (electrons) within it. Adding atoms with three outer electrons results in p-type semiconductor with ’holes’ in its electron structure. These holes can be thought of as positive charge carriers since electrons from neighbouring atoms can move into them and a new hole will be formed. In this way it looks as though the holes are moving in the opposite direction to the electrons (Figure 6.3).
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Figure 6.3: Hole movement



.......................................... It is important to realise that both n-type and p-type semiconductors are electrically neutral since they still have equal numbers of protons and electrons. It is only the electron arrangement in the valence bands that is different.



Quiz 1 Semiconductors Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q1: Which one of the following statements about pure silicon is true? a) b) c) d) e)



It has a low resistance It is a metal It has five electrons in its outer shell It is electrically neutral It has positive holes in its outer electron shell ..........................................



Q2: Which one of the following statements about semiconductor doping is false? a) b) c) d) e)



The semiconductor material has equal numbers of protons and electrons The impurity atoms make up about 10% of the new material n-type material is made by doping with atoms having 5 electrons in their outer shell The majority charge carriers in p-type material are positive holes Doping has the effect of lowering the resistance of the semiconductor ..........................................



Q3: Which of the following statements about n-type semiconductors is/are true? (i) Electrons are the majority charge carriers. (ii) They contain more electrons than a pure semiconductor of the same size. (iii) They have the same number of electrons as a pure semiconductor of the same size. a) (i) only b) (ii) only © H ERIOT-WATT U NIVERSITY
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c) (iii) only d) (i) and (ii) only e) (i) and (iii) only .......................................... Q4:



Which of the following statements about p-type semiconductors is/are true?



(i) Electrons are the majority charge carriers. (ii) They contain more electrons than a pure semiconductor of the same size. (iii) They have fewer electrons than a pure semiconductor of the same size. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (i) and (iii) only ..........................................



Q5:



Which of the following statements about semiconductors is/are true?



(i) Holes are protons. (ii) Hole movement is really the movement of electrons filling holes and leaving new holes in the atom they came from. (iii) Hole movement is caused by protons moving from atom to atom. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (i) and (iii) only ..........................................



6.4







P-N junctions



Learning Objective



Æ



To describe the movement of charge through a forward or reverse biased p-n junction diode.



Semiconductors are crystalline and are manufactured, or grown, in very clean conditions to ensure that they are not contaminated by any impurities apart from the doping elements. During the manufacturing process the type of doping can be changed and so a semiconductor can be made that is half p-type and half n-type. In this form it is known as a p-n junction diode. Although there are other types of diodes, they all perform the same basic function and so we will refer to the p-n junction diode simply as a diode. Figure 6.4 shows various diodes along with a close up and the circuit symbol for a diode.
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Figure 6.4: p-n junction diodes



.......................................... You may already know that a diode will allow current to pass in one direction only but we will look at why this is the case. There are two ways that a diode can be connected to a battery, known as forward and reverse bias, Figure 6.5. If the p-type end is connected to the positive side of the battery and the n-type is connected to the negative side then the diode is said to be forward-biased. If the diode is connected the other way round then it is reverse-biased. The resistor in the circuit is there to protect the diode from high currents. Figure 6.5: Forward and reverse biased diodes
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Before we look at bias in more detail we will consider what happens at a p-n junction with no voltage applied. When a diode is first made there are free electrons in the n-type material and free holes in the p-type, although both sides are electrically neutral. Free electrons are more concentrated in the n-type material and they diffuse across the junction and combine with some of the holes. This has the effect of creating a middle section with no excess charges, known as the depletion layer. Remember that the atoms in the diode are electrically neutral and so when an electron and hole combine, two ions are produced one on each side of the junction. A potential difference, of the order of a few hundred millivolts, is set up between the ends of the depletion layer due to these ions, with the effect that any more charges trying to cross the junction are unable to overcome the potential barrier, or junction voltage. This barrier must be overcome before the diode can conduct. Figure 6.6: Depletion layer  
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6.4.1



Forward bias



If we look closely at a forward-biased diode (Figure 6.7), we see that the junction voltage opposes the applied voltage from the supply battery. In the case of a silicon based diode the junction voltage is about 0.6 volts and as long as the supply voltage is less than this value it cannot overcome the barrier. As the supply voltage is increased beyond the junction voltage, majority charge carriers are able to cross the junction; electrons from the n-type to the p-type and holes in the opposite direction. This has the effect of reducing the width of the depletion layer and so the diode conducts.
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Figure 6.7: Forward bias
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     .......................................... As the bias voltage is increased the current through the diode will also increase although the current is not directly proportional to the voltage. In other words diodes do not generally obey Ohm’s law and are sometimes referred to as ’non-ohmic conductors’.



6.4.2



Reverse bias



Figure 6.8 shows the situation inside a reverse-biased diode. The free electrons in the n-type material will be attracted by the positive terminal of the supply battery and electrons from the battery will enter the p-type end of the diode and combine with some of the holes. This has the effect of removing some of the charge carriers from the diode and increasing the width of the depletion layer. The resistance of the junction becomes very large and so there is no current in the circuit.



© H ERIOT-WATT U NIVERSITY



92



TOPIC 6. INTRODUCTION TO SEMICONDUCTORS



Figure 6.8: Reverse bias
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.......................................... There is a limit to how much voltage a reverse-biased diode can withstand, known as the breakdown voltage and if this limit is exceeded the diode may be destroyed. It is interesting to note that there is a particular type of diode, called a zener diode, which is designed to be used with reverse-bias voltages above the breakdown voltage. The advantage of this type of diode is that the voltage across the diode remains constant even when the supply voltage varies. This is useful in some delicate electronic circuits that require a very steady voltage. Although it is useful to think of a reverse-biased diode as an open switch cutting off the current, it is not entirely true. In reality the diode acts more like a very high value resistor than an open switch and so it is possible for there to be a tiny current through the diode. This is known as the leakage current and can be ignored in most cases.
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Quiz 2 P-N junction diodes Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: Which one of the following statements about diodes is true? a) b) c) d) e)



all diodes are made with semiconductor material. direct current (d.c.) cannot pass through a diode. diodes can be n-type or p-type. they allow current to pass in one direction only. reversing a diode in a d.c. circuit reverses the direction of the current. ..........................................



Q7: Which one of the following statements about p-n junction diodes is false? a) b) c) d) e)



the depletion layer contains no charges inside it. a potential difference exists between the ends of the depletion layer. the depletion layer is a region of high resistance. they perform the same function as other types of diode. they are made from doped semiconductor material. ..........................................



Q8: Which one of the following statements about a forward-biased diode is false? a) b) c) d) e)



the p-type terminal is connected to the positive supply. forward bias reduces the width of the depletion layer. the bias voltage must be greater than the junction voltage for the diode to conduct. there is a limit to the current that the diode can handle. the diode obeys Ohm’s law. ..........................................



Q9: Which one of the following statements about a reverse-biased diode is false? a) b) c) d) e)



the depletion layer is wider than in an unbiased diode. there is a limit to the size of bias voltage that a diode can withstand. free electrons in the n-type material move to the positive side of the supply. free holes in the p-type material move to the negative side of the supply. the p-type terminal is connected to the positive supply.
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.......................................... Q10: Which bulb(s) would light in the circuit shown?



bulb 1



bulb 2



bulb 3



a) b) c) d) e)



bulb 1 only bulb 2 only bulb 3 only bulbs 1 and 2 only bulbs 1 and 3 only ..........................................



6.5



Rectification



Learning Objective



Æ



To explain how diodes can be used to change alternating current into direct current.



As you probably know, mains electricity is generated and distributed as alternating current (a.c). This makes it easy to change to very high voltages, using transformers, to reduce power loss in the transmission lines. The voltage can be reduced to lower levels later for industrial and domestic use. The problem with alternating current is that most electrical and electronic devices only work with direct current (d.c). The a.c of the mains must be changed to d.c before it can be used; this is known as rectification and is done using diodes. Rectification can be accomplished with a single diode. This is known as half wave rectification as it simply blocks out half of the a.c. wave (Figure 6.9). As you can see the output is not very smooth and half the energy of the supply has been lost.
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Figure 6.9: Half wave rectification Oscilloscopes



Input trace



Output trace



Diode



Load resistor



a.c input



.......................................... A better method can be seen in Figure 6.10. As you can see the circuit uses a combination of 4 diodes: 2 for the positive half of the wave and 2 for the negative half. This method, as you have probably guessed, is called full wave rectification. The negative half of the cycle has effectively been changed in direction and so we have the full energy of the supply. The output of this rectifier circuit is still not as smooth as that of a battery. Figure 6.10: Full wave rectification Oscilloscopes



Input trace



Output trace



Rectifier bridge circuit a.c. input Load resistor



.......................................... Smoothing of the output is done using a capacitor in parallel with the rectifier circuit, as shown in Figure 6.11. The capacitor charges up as the output of the rectifier reaches © H ERIOT-WATT U NIVERSITY
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a maximum and starts to discharge as the input falls to zero, adding to the output. This gives a much smoother direct current. Figure 6.11: Rectification with smoothing Oscilloscopes



Input trace



Output trace



Rectifier bridge circuit a.c. input



Smoothing capacitor



Load resistor



..........................................



6.6







Light emitting diodes



Learning Objective To explain how the recombination of charges within a p-n junction can result in the emission of radiation.



Æ



To describe the structure and operation of a light emitting diode.



What happens when electrons and holes combine inside a forward-biased diode? You should remember from the previous Topic that if electrons in an atom absorb energy they can move to a higher energy level or even escape from the atom. The electrons can also give up their energy and drop into lower energy levels if there is room. As you have already seen, when a diode is forward biased, electrons move through the diode by jumping from one atom to another and combining with the positive holes in the region of the junction. When this happens the electrons are actually dropping into lower energy levels and giving out energy in the form of photons. By careful choice of semiconductor material, the released photons can be in the visible spectrum. This is the basis of the light emitting diode (LED). Knowing the energy level structure of different elements allows materials to be chosen so that the LED will give out particular colours. The first visible LEDs gave out red light but advances in the technology have resulted in many more colours. As the light is produced by electrons jumping between energy levels, LEDs normally have a very narrow range of frequencies. However it is now possible to produce LEDs that give out white light. Some LEDs are shown in Figure 6.12 along with the circuit symbol and close-up of an LED. The arrows © H ERIOT-WATT U NIVERSITY
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in the symbol represent the light given out by the LED. Figure 6.12: Light emitting diodes



.......................................... LEDs are very efficient producers of light due to the fact that very little heat is produced. LEDs are very low power devices and so are useful as ’power-on’ and ’standby’ indicators for electronic systems. Due to their low power consumption LEDs work on small voltages and are usually protected by a resistor connected in series. It is not only ’visible’ LEDs that are useful. LEDs that produce photons in the infrared range are used extensively in the remote control of electronic devices such as televisions and video recorders etc. It is possible to calculate the energy jumps of the electrons in a light emitting diode by examining the colour of light produced. The colour, as you know, is related to the frequency of the light and so the energy of the photons can be calculated using the  . The energy of the photons produced is equal to the difference equation  between the energy levels involved in the electrons’ jumps. This energy is sometimes referred to as the recombination energy of the LED because it is produced by the recombination of electrons and holes. Example : Recombination energy An LED gives out red light of wavelength 695 nm and 640 nm. What is the highest recombination energy of the LED? The recombination energy could be calculated for each wavelength but as shorter wavelength is equivalent to higher frequency we need only calculate the energy of the 640 nm light. We must first calculate the frequency of the light:
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We can now calculate the energy of the photon:



          J



  



The highest recombination energy of the LED is 3.1 x 10 -19 joules. ..........................................



Q11: Calculate the recombination energy of the 695 nm light mentioned in the above example. ..........................................



Quiz 3 Light emitting diodes Multiple choice quiz. 15 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Data: Planck’s constant h = 6.63 x 10-34 J s Q12: Which one of the following statements about LEDs is false? a) b) c) d) e)



Light is emitted due to the recombination of electrons and holes. The photon energy is equal to the energy jump of the electrons. Photons are released when electrons jump to a higher energy level. The first visible LEDs produced red light only. LEDs are operated in forward bias mode. ..........................................



Q13: Which one of the following statements about LEDs is true? a) They are high power devices. b) They usually have a resistor connected in parallel for protection against high currents. c) They can be used in remote control systems. d) They cannot produce infrared photons. e) Visible LEDs only produce red light. .......................................... Q14: What is the recombination energy of an LED if it produces light of frequency 5.0 x 1014 Hz? a) 1.3 x 10-48 J b) 4.0 x 10-40 J c) 3.3 x 10-19 J © H ERIOT-WATT U NIVERSITY
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d) 6.0 x 10-7 J e) 7.5 x 1047 J .......................................... Q15: What is the recombination energy of an LED if it produces photons of wavelength 850 nm? a) b) c) d) e)



5.6 x 10-40 5.6 x 10-38 7.8 x 10-28 2.3 x 10-19 2.3 x 10-17



J J J J J ..........................................



Q16: Which of the following recombination energies produce radiation in the range 400 nm to 700 nm? (i) 3.5 x 10-19 J (ii) 3.0 x 10-19 J (iii) 2.5 x 10-19 J a) b) c) d) e)



(i) only (ii) only (i) and (ii) only (ii) and (iii) only (i), (ii) and (iii) ..........................................



6.7



Summary



By the end of this Topic you should be able to: • state that materials can be divided into 3 broad categories according to their electrical properties - conductors, insulators or semiconductors; • give examples of conductors, insulators and semiconductors; • state that the addition of impurity atoms to a pure semiconductor (a process called doping) decreases its resistance; • explain how doping can form an n-type semiconductor in which the majority of the charge carriers are negative, or a p-type semiconductor in which the majority of the charge carriers are positive; • describe the movement of the charge carriers in a forward/reverse-biased p-n junction diode; • state that in the junction region of a forward-biased p-n junction diode, positive and negative charge carriers may recombine to give quanta of radiation. © H ERIOT-WATT U NIVERSITY
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Online assessments End of Topic assessment. 20 min



Instructions are given on-screen. Two online tests are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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7.1



Introduction



This is the last of four related Topics looking at optoelectronics and semiconductors, the branch of physics responsible for modern communications and technology. In this Topic we complete our study of semiconductor technology with a detailed look at two important devices: the photodiode and the field effect transistor.



7.2







Photodiode



Learning Objective To describe the structure and operation of a photodiode.



Æ



To describe the two operating modes of a photodiode.



In the last Topic we saw how knowledge of atomic energy levels led to the production of semiconductors that could transform electrical energy into light - the light emitting diode or LED. We also saw in Topic 4 that the reverse of this process is possible. So what happens if we shine light onto a p-n junction diode? Photodiodes are basically the same as light emitting diodes in that they consist of a slice of semiconductor doped as p-type at one end and n-type at the other end. There are some differences in the actual structure to enable the photodiode to absorb light as efficiently as possible but it is still the p-n junction that is responsible for the energy transformation. The main differences in design are that the p-type section at the top of the photodiode is much thinner than the n-type and it is covered with a material that transmits light. Both of these design differences maximize the light reaching the junction region. When light is incident upon a photodiode, electron-hole pairs are created in the junction region. This is due to electrons absorbing the energy of the photons and escaping from the atom, thus leaving behind holes. The number of electron-hole pairs that are created depends on the intensity of light reaching the junction of the photodiode. Figure 7.1 Shows an example of a photodiode along with a close up view and its circuit symbol. You will notice that the symbol is very similar to that of an LED, the only difference being in the direction of the arrows; these represent the light shining onto the photodiode.
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Figure 7.1: Photodiode



.......................................... There are two basic ways, or modes, in which a photodiode can be used. Although in both of these modes light falling on the photodiode results in the production of free charges, the effect of this depends on the way that the photodiode is connected in the circuit.



7.2.1



Photovoltaic mode



When used in photovoltaic mode, photodiodes can provide the energy for solar powered equipment such as calculators or telecommunication satellites. As the photodiode effectively becomes the power supply when used in this way it does not require a bias voltage. Figure 7.2 shows a simple circuit diagram to show how a photodiode is connected in photovoltaic mode.
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Figure 7.2: Photovoltaic mode



   



.......................................... The amount of energy available from a photodiode will depend on the area exposed to light and on the intensity (and frequency) of the light reaching the photodiode. The efficiency of a typical photodiode is less than 20% but sunlight provides a totally free energy source. Photodiodes are also very reliable and can give many years of service.



7.2.2



Photoconductive mode



In photoconductive mode the photodiode is not used as a power supply but as a resistor that is sensitive to light. We have already seen that the number of charges produced by a photodiode is dependent on the amount of illumination it receives and we can use this fact to operate the photodiode as a light sensor. In photoconductive mode the photodiode is reverse-biased (Figure 7.3) and so effectively becomes a high resistance component preventing the flow of charge. When light shines on the photodiode, charges are released and its resistance falls. The photodiode in this case is acting like a light dependent resistor (LDR), which responds to changes in the light level of its surroundings.
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Figure 7.3: Photoconductive mode



   



.......................................... In the previous Topic, we saw that any current through a reverse-biased diode is known as leakage current. The effect of light on the photodiode in photoconductive mode is to decrease its resistance and so the leakage current will increase. In fact we find that the leakage current is directly proportional to the intensity of the light hitting the photodiode. Photodiodes are very accurate at monitoring changes in light level because the biasing voltage has very little effect on the leakage current, providing that it does not exceed the breakdown voltage of the photodiode. This means that temperature changes that could affect the resistors in a circuit and change the bias voltage to the photodiode will not show up as a false change of light level. Reverse-biased photodiodes also respond extremely quickly to changes in light level, which makes them very useful for receivers in optical communication systems. Voice or data signals produced by a telephone or computer etc. are changed into light signals and sent along an optical fibre cable. A photodiode at the other end of the cable responds to the changes in intensity quickly enough to reconstruct the original signal. It is the fast response time that also allows photodiodes to be used in barcode scanners used in supermarkets. Laser light is shone onto the product and reflects off the lines of the barcode. The change in intensity of the reflected light is picked up by a photodiode detector and converted into an electrical copy of the code that can be understood by the computer in the cash register. Photodiodes that respond to infrared radiation are used as sensors for remote control systems in TVs and videos etc.
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Quiz 1 Photodiodes Multiple choice quiz. 15 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q1: Which one of the following statements about a photodiode operating in photovoltaic mode is true? a) b) c) d) e)



It is forward biased. It is reverse biased. It acts as a source of emf. It works best in dark conditions. It transforms electrical energy to light energy. ..........................................



Q2: Which of the following statements photoconductive mode is/are true?



about a



photodiode operating in



(i) It is forward biased. (ii) It can operate as a light sensor. (iii) It reacts very quickly to changes in light level. a) b) c) d) e)



(ii) only (iii) only (i) and (ii) only (ii) and (iii) only (i), (ii) and (iii) ..........................................



Q3:



Which of the following statements about photodiodes is/are true?



(i) Light energy produces electron-hole pairs at the junction region. (ii) They are covered with a reflective coating. (iii) The top layer is very thin. a) b) c) d) e)



(i) only (ii) only (i) and (ii) only (ii) and (iii) only (i) and (iii) only ..........................................



Q4: a) b) c) d)



Which of the following devices would not use a photodiode? Barcode scanner Remote controlled TV Solar powered calculator fibre optic telephone system © H ERIOT-WATT U NIVERSITY
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e) Car water temperature sensor .......................................... Q5: The leakage current through a photodiode, operating in photoconductive mode, is 2 mA when the light intensity falling on it is 0.05 W m -2 . What is the current when the light intensity is increased to 0.1 W m-2 ? (Assume the photodiode is operating within its limits.) a) b) c) d) e)



0.1 mA 0.2 mA 0.5 mA 4 mA 8 mA ..........................................



7.3



Field Effect Transistor



Learning Objective To describe the structure of an n-channel enhancement MOSFET.



Æ



To explain the operation of a MOSFET.



7.3.1



The bipolar transistor



You may already be familiar with the bipolar or junction transistor in which a thin layer of one type of doped semiconductor material is sandwiched between two thicker, oppositely-doped layers (see Figure 7.4). The transistor, invented in 1948, was responsible for a major change in electronics, allowing smaller, more reliable circuits to be constructed.
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Figure 7.4: npn bipolar transistor



n-type Collector p-type Base



Collector Base Emitter



n-type Emitter



.......................................... The bipolar transistor can be used as a switch in digital electronics or as an amplifier in analogue situations. A small current into the middle region (base) can switch on or control the size of a much larger current through the transistor from the emitter to the collector. A transistor is essentially two diodes joined back to back, thus cutting off current in both directions. Charge carriers entering the transistor through the base reduce the potential barrier and this controls a current in the collector-emitter circuit. The revolution in the electronics industry created a need for even smaller, more efficient and more reliable components. This resulted in a new type of transistor with different properties to the bipolar: the field effect transistor (FET). Whereas the bipolar transistor controls the output current with a current applied to the base, the FET controls the current by means of an applied voltage. The FET also has a much higher input resistance than the bipolar transistor. There are various types of field effect transistors but we will concentrate on only one, known as an n-channel enhancement MOSFET. These terms will be explained fully in the next section.



7.3.2



MOSFET Structure



Although the MOSFET performs the same kind of functions as a bipolar transistor, it is fundamentally different in the way it works. As stated in the previous section, field effect transistors are voltage-controlled devices. This control is achieved by the effect of an electric field on the transistor, hence the term: field effect transistor. Figure 7.5 shows the structure and circuit symbol for an n-channel enhancement MOSFET. As you can see, like an npn bipolar transistor, the MOSFET consists of 2 pieces of n-type material separated by a piece of p-type material. You will also see that the semiconductor material is covered by a metal oxide insulating layer, which is why it is called a Metal Oxide Semiconductor Field Effect Transistor - shortened to MOSFET.
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Figure 7.5: n-channel enhancement MOSFET



   



  



 



 







    



   



 



  



 







    .......................................... Notice also the different names given to the terminals of the MOSFET. These names are really quite self-explanatory: current enters the transistor from the source and leaves via the drain while the gate controls how much can actually pass through. The manufacture of a MOSFET starts with the p-type semiconductor material, known as the substrate; this region is only lightly doped and so has a fairly high resistance. Two highly doped n-type implants are added in to the substrate by diffusion methods and the whole is covered by an oxide layer. Part of the oxide layer is etched off above the implants to allow electrical contacts to be made for the source and drain. The gate is a layer of aluminium that is added on top of the insulating oxide layer. Another connection can also be made between the substrate and the source to ensure that they both stay at the same potential. Notice that there is no electrical connection between the gate and the semiconductor substrate since they are separated by the oxide layer. This insulating layer ensures that there is no current through the gate terminal and that it is only the voltage applied to the gate that controls the current from the source to the drain. As with a bipolar transistor, a MOSFET is like two diodes joined back to back and so there is normally no current through it. If some kind of connection, or channel, could be made between the source and drain, charge would be able to flow through the MOSFET. This is exactly what happens, as you will see in the next section.



7.3.3



How MOSFETs work



The source and the drain of the MOSFET are identical and it is only the way in which they are connected that determines which is which. As we want electrons to flow from the source to the drain, the drain is made more positive than the source. The substrate is connected electrically to the source and so the p-n junction between these two regions is unbiased. The junction between the drain and substrate however is reverse-biased since the drain is positive with respect to the substrate. This bias, along with the natural high © H ERIOT-WATT U NIVERSITY
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resistance of the substrate, prevents current through the transistor and so the MOSFET is off (Figure 7.6). If a positive voltage is applied to the gate electrode, an electric field is set up between the gate and the back electrode connected to the substrate. If the gate voltage is sufficiently high (approximately 2 volts) electrons in the p-type substrate will start to move towards the gate. Below this threshold voltage, as it is called, the electrons cannot gain enough energy to break free from the atoms in the substrate. The electrons gather in a layer beneath the gate and form the channel necessary for charges to flow between the source and drain, switching on the MOSFET (Figure 7.6). This channel can also be called an inversion layer as it has effectively become an n-type region within the p-type substrate. Figure 7.6: MOSFET on and off states



  



   



 



  



 



 



   







    



  



   



  



 



 



   



.......................................... This type of device is called an enhancement MOSFET because it is designed to increase the number of charge carriers in the gate region. There are also depletion MOSFETs in which a negative voltage reduces the number of electrons beneath the gate making it more difficult for charges to flow. For this course you are only required to describe the n-channel enhancement MOSFET although it is of course possible to make pnp MOSFETs in which the inversion layer consists of an excess of holes as the charge carriers, forming a p-channel between the source and drain. Like the bipolar transistor, MOSFETs can be used to amplify signals. As we have seen, © H ERIOT-WATT U NIVERSITY
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the source-drain current is dependent on the gate voltage and so a varying signal at the base will produce a varying current through the MOSFET that is an amplified version of the input signal.



Quiz 2 MOSFETs Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: Which one of the following is not associated with the structure of a MOSFET? a) b) c) d) e)



Gate Drain Collector Substrate Source ..........................................



Q7: What is meant by the inversion layer of a MOSFET? a) b) c) d) e)



The bottom layer of the MOSFET. The metal oxide covering. The conducting channel formed when a voltage is applied to the gate. The terminal attached to the substrate. Another name for the drain. ..........................................



Q8: Which of the following statements about an n-channel enhancement MOSFET, which is switched on, is/are true? (i) The drain/substrate junction is reverse-biased. (ii) There must be a gate voltage of at least 0.7 volts. (iii) The drain is negative compared to the source. a) b) c) d) e)



(i) only (iii) only (i) and (iii) only (ii) and (iii) only (i), (ii) and (iii) ..........................................



Q9: Why is the term enhancement used in connection with MOSFETs? a) The MOSFET enhances the gate voltage. b) The current through the MOSFET is controlled by attracting more charges to the channel. c) The MOSFET can be used as an amplifier. d) The MOSFET is superior to a bipolar transistor. © H ERIOT-WATT U NIVERSITY
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e) MOSFETs allow more control of an amplifier circuit. .......................................... Q10: What is the purpose of the metal oxide layer in a MOSFET? a) b) c) d) e)



To electrically insulate the gate from the substrate. To insulate the MOSFET from heat loss. To ensure a good connection between the gate and the substrate. To protect the MOSFET from light. To allow charge to flow from the source to the drain. ..........................................



7.4



Summary



By the end of this Topic you should be able to: • state that a photodiode is a solid-state device in which positive and negative charges are produced by the action of light on a p-n junction; • state that in the photovoltaic mode, a photodiode may be used to supply power to a load; • state that in the photoconductive mode, a photodiode may be used as a light sensor; • state that the leakage current of a reverse-biased photodiode is directly proportional to the light intensity and fairly independent of the reverse-biasing voltage, below the breakdown voltage; • state that the switching action of a reverse-biased photodiode is extremely fast; • describe the structure of an n-channel enhancement MOSFET using the terms: gate, source, drain, substrate, channel, implant and oxide layer; • explain the electrical on and off states of an n-channel enhancement MOSFET; • state that an n-channel enhancement MOSFET can be used as an amplifier.



Online assessments End of Topic assessment. 20 min



Instructions are given on-screen. Two online tests are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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8.1



Introduction



Whether you consider nuclear power to be the answer to all our energy needs, or the likely cause of our final destruction, there is no denying the impact that it has had on the world in general, and physics in particular. We start this Topic with a look at the atom, and find how experimental results forced a major re-think of its structure; we then go on to look at the process of radioactive decay; and finally look at how nuclear reactions can provide vast amounts of energy.



8.2







Atomic structure



Learning Objective To describe how Rutherford showed that the nucleus has a relatively small diameter compared with that of the atom, and that most of the mass of the atom is concentrated in the nucleus.



Æ



8.2.1



Early ideas



Early in the 20th century it was known that matter was made up of atoms, and although it was impossible to see them due to their small size, attempts were made to describe their structure. J.J. Thomson (1856-1940) suggested that the atom consisted of thousands of small negatively-charged particles (electrons), scattered throughout a spherical, positivelycharged field. This became known as the plum pudding model, with the electrons being likened to the plums, and the positive field being the pudding, as shown in Figure 8.1 Figure 8.1: Thomson’s ’plum pudding’ atom        



     



.......................................... In this model, the mass of the atom is provided only by electrons and is evenly spaced within the volume of the atomic sphere. It is a common misconception that most of the mass in the plum pudding model was due to the positive pudding, but in Thomson’s original papers there was no mention of positive particles. In fact he believed that all
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mass was due to the negative electrons, or corpuscles as he called them. Thomson’s model was fine for explaining many of the known properties of atoms, but it could not provide an answer to an effect discovered by Ernest Rutherford: alpha particle scattering.



8.2.2



The Rutherford model



Ernest Rutherford, a former student of Thomson, had earlier discovered alpha and beta radiation, and had found that alpha particles were easily absorbed by materials. This effect could be explained by the Thomson atom, since each time the alpha particle ’collided’ with an atom, it would lose some of its energy, eventually becoming trapped inside the material. (Imagine driving a golf ball into a dense forest). Alpha particles can however pass through a thin foil of metal, so Hans Geiger and Ernest Marsden, colleagues of Rutherford, investigated this effect using apparatus similar to that shown in Figure 8.2. The alpha source is enclosed in a lead box that has a hole in it, to produce a narrow beam of alpha particles. This beam is aimed at the gold target, causing tiny flashes of light as the particles strike the fluorescent paint. The microscope is moved around the apparatus to detect the flashes. The experiment is carried out in total darkness and the source and target are enclosed in a vacuum chamber to prevent the alpha particles being stopped by the air molecules. Figure 8.2: Geiger Marsden experiment



  



   



      



   



.......................................... Geiger and Marsden found that more than 99% of the alpha particles passed through the foil in a straight line, although some were deflected at small angles. However a totally unexpected result was that some of the alpha particles actually rebounded off the gold. The Thomson model of the atom could not explain this effect. To explain the results of this experiment, Rutherford proposed a new model of the atom in which most of the mass, and all of the positive charge, is concentrated in a tiny nucleus at the centre, with electrons orbiting around it, see Figure 8.3.
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Figure 8.3: The nuclear atomic model



   







.......................................... Most of the alpha particles pass through the gold foil because there is actually very little chance of them hitting a nucleus. In the rare event of an alpha particle approaching very close to a nucleus, there is a very strong repulsive force, since both have a positive charge. As the gold nucleus is much more massive than the alpha particle, it is the alpha particle that is forced away, while the gold nucleus is hardly affected. The greater the distance between the nucleus and the alpha particle, the less the effect, (Figure 8.4). Figure 8.4: Alpha particle scattering
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Radioactive decay



Learning Objective To explain what is meant by alpha, beta and gamma decay of radionuclides.



Æ



To identify the processes occurring in nuclear reactions written in symbolic form.



8.3.1



Radioactivity



We now know that atoms actually consist of protons, neutrons and electrons. The protons and neutrons are found inside the nucleus, and the electrons orbit around the outside. The number of protons in an atom determines the element. For example, uranium has 92 protons, iron has 26 protons, etc. This is known as the atomic number (Z) of the element. We use the term nucleon to refer to both protons and neutrons, and the total number of nucleons in an atom is known as the mass number (A). Although the atomic number is fixed for a particular element, the mass number is not. This is because elements can contain different numbers of neutrons. For example, one form of carbon contains 6 neutrons, and another has 8 neutrons; their mass numbers are 12 and 14 respectively (carbon always contains 6 protons). The different forms of an element are known as isotopes, and the nucleus of a particular isotope is called a nuclide. The terms radioisotope and radionuclide are used to refer to radioactive forms of an element. To refer to a particular isotope we must give its mass number e.g. carbon-12 or carbon-14. We use the symbol AZ X to show the atomic and mass numbers for any particular nuclide (X), where X stands for the chemical symbol as found in the periodic table of elements. The 2 nuclides of carbon given above would be written as:  C and  C. Notice that we can calculate the number of neutrons in a nuclide by subtracting the atomic number from the mass number (A - Z). Example : Neutrons in a nuclide Calculate the number of neutrons in uranium-238. Using a periodic table we find that uranium has the chemical symbol U and contains 92 protons, which means that U-238 has the symbol 238 92 U. We can now calculate the number of neutrons. Mass number (A) = 238 Atomic number (Z) = 92 A - Z = 238 - 92 Number of neutrons = 146 ..........................................
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Quiz 1 - Atomic structure Multiple choice quiz. 15 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q1: Which of the following sub-atomic particles is/are found in the nucleus? (i) proton (ii) neutron (iii) electron a) b) c) d) e)



(i) only (iii) only (i) and (ii) only (ii) and (iii) only (i), (ii) and (iii) ..........................................



Q2: a) b) c) d) e)



Why did the Geiger Marsden experiment have to be carried out inside a vacuum? The thin gold target would react with the air. The alpha particles would be stopped by air molecules. To stop sound from entering the apparatus. Fluorescent paint can only work in a vacuum. To keep the apparatus at a uniform temperature. ..........................................



Q3: a) b) c) d) e)



What is the name given to a particular form of an element? isobar isotherm isotope nucleon nucleus ..........................................



Q4: Which of the following statements about the nucleus of the isotope true? (i) it contains 94 protons. (ii) it contains 94 neutrons. (iii) it contains 149 neutrons. a) b) c) d) e)



  Pu 



is/are



(i) only (ii) only (iii) only (i) and (ii) only (i) and (iii) only .......................................... © H ERIOT-WATT U NIVERSITY
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Q5: Which of the following is the correct symbol for the isotope of lead (Pb) that has 82 protons and 112 neutrons? a) b) c) d) e)







 Pb  Pb







 Pb   Pb    Pb



..........................................



8.3.2



Decay processes



Some isotopes of elements are unstable and are said to be radioactive. This means that they give off particles or electromagnetic waves. In doing so these radionuclides change into a more stable form of the element, or indeed into a completely different element. The original nuclide is called the parent, and the new nuclide is called the daughter. There are 3 possible processes involved in radioactive decay, known as alpha (), beta ( ) and gamma ( ) decay. We will look at each of these in more detail. Alpha ( ) decay An  particle consists of 2 protons and 2 neutrons; i.e. it is a helium nucleus,  He. Since they have no electrons,  particles have a double positive charge, which means that they are highly ionising and can pull electrons from nearby atoms. Alpha particles are the most massive of the 3 types of radiation, and are more likely to collide with other nuclei. This causes them to lose kinetic energy, which explains why they are easily absorbed by relatively thin materials, such as a sheet of paper. When an element releases an alpha particle a new element is formed, as we can see by looking at the following example:  



Ra











 Rn



 



 He



Notice that the total number of each type of nucleon remains the same after the reaction: 88 protons and 138 neutrons. Beta ( ) decay Beta particles are fast moving electrons,  e, and as they carry only a single negative charge, they are not as ionising as alpha particles. They are however more penetrating due to their extremely small size. They can be stopped by a few millimetres of metal, such as aluminium. Beta production is not as simple as it may seem however, since the electron comes from the nucleus of the atom! During beta decay, a neutron in the nucleus splits apart to form a proton and an electron. The proton remains in the nucleus, but the electron ( particle) is thrown out at high speed. As with alpha decay, a new element is formed:  



 Pb







 



 Bi



+  e



Although the total number of nucleons is the same before and after (212), there is one more proton (8283) and one less neutron (130129).
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Gamma ( ) decay Gamma decay is different from both alpha and beta decay in that the nucleus does not change its structure. This is due to the fact that gamma rays are electromagnetic waves, rather than particles. Gamma rays are usually given out by a nucleus after alpha or beta decay, in order to lose excess energy. As gamma rays have zero mass and carry no charge they are much more penetrating than either alpha or beta particles, but they produce relatively few ions. Gamma rays have the symbol   .



Identify the radiation 15 min



Optional online a ctivity to identify the type of radiation being given out by a radioactive source. Full instructions are given on screen. You should be able to identify the type of radiation being given out by a radioactive source. Decay Equations We can use our knowledge of radioactive decay to identify unknown nuclides or particles in nuclear processes. Examples 1. Unknown particle Identify the particles released at each stage in the following decay series.  



Po



   Pb    Bi



We will call the unknown emitted particles X and Y. By looking at the changes in the atomic and mass numbers of the nuclei at each stage, we can calculate the atomic number and mass number of the emitted particles, as shown in Equation 8.1.  



Po



  Pb    Bi



 X  42He  







Y  e 



(8.1)



.......................................... X must be a helium nucleus, and Y must be an electron, so X is an alpha particle and Y is a beta particle. .......................................... 2. Unknown Daughter Identify the element formed when carbon-14 undergoes beta decay. We first write out the nuclear equation, using the symbol AZ X to represent the unknown
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nucleus, as shown in Equation 8.2. 







C AZ X   e







A 



  Z   Z  Atomic number  nitrogen A



(8.2)



Nuclear symbol N .......................................... We can then form equations to find the mass number (A) and the atomic number (Z) of X. By using a periodic table of elements, we find that X is the isotope nitrogen-14. .......................................... 3. Unknown Parent Which nuclide produces radon-222 by alpha emission? This is very similar to the previous problem and we use the same method to solve it. Again we use the symbol AZ X, but this time it refers to the unknown parent nucleus, see Equation 8.3.







 Rn   He A    A  Z    Z  Atomic number  radium A ZX



(8.3)



Nuclear symbol 226 88 Ra .......................................... We then form equations for A and Z and solve them to find the unknown isotope, in this case radium-226. .......................................... It is important to remember that gamma decay will not show up in a decay equation, as it does not result in a new daughter product. The decay of radium to radon, shown in the last example, is only part of a longer chain of decays as radioactive uranium-238 changes into a stable isotope of lead. This is known as a radioactive decay series, see Figure 8.5.
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Figure 8.5: Radioactive decay series 238
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Atomic Number (Z) ..........................................



Quiz 2 - Radioactive decay Multiple choice quiz. 15 min



First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: Which of the following radioactive decay mechanisms involve(s) the release of a particle from the nucleus of the atom? (i) alpha (ii) beta (iii) gamma a) b) c) d) e)



(i) only (ii) only (i) and (ii) only (i) and (iii) only (i), (ii) and (iii) ..........................................



Q7:



Which one of the following statements is false?



a) Alpha particles are more massive than beta particles. © H ERIOT-WATT U NIVERSITY
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A new element is always formed after radioactive decay. Alpha particles can be stopped by aluminium. Gamma rays are more penetrating than beta particles. A beta particle is a fast moving electron. ..........................................



Q8: Which of the following statements is/are true about beta decay? (i) The daughter nuclide has 1 more proton than the parent nuclide. (ii) Beta decay results in an isotope of a difference element but with the same mass number as the parent. (iii) Beta decay is the result of a proton splitting into a neutron and electron. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (i) and (iii) only ..........................................



Q9: What is ejected when uranium-234 changes to thorium-230? a) b) c) d) e)



alpha particle beta particle gamma ray proton neutron ..........................................



Q10: Which one of the following decay equations correctly shows beta decay followed by alpha decay? a) b) c) d) e)



234 Pa 91 234 Pa 91 234 Th 90 230 Th 90 234 Pa 91



  



 Ac   Th     U   Th     Pa   U    



Ra   Rn     U   U



..........................................



8.4



Nuclear energy



Learning Objective To describe what happens during fission and fusion reactions. To state that fission may be spontaneous or induced by neutron bombardment. To explain why fission and fusion reactions produce energy and to carry out calculations using E = m c2 .



Æ
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8.4.1



Fission



Fission is the process of splitting a large nucleus into two or more smaller nuclei. This process can happen for no apparent reason, in which case it is called spontaneous fission. It is more likely to happen if the nucleus is hit by a neutron, in which case the process is known as induced fission. This is the basis for the generation of nuclear power and the atomic bomb. One possible fission of uranium235 is shown in Equation 8.4. 235 92 U







n











 Ba







  Kr



   n + energy



(8.4)



.......................................... We will see in a later section why energy is released and how to calculate the amount of energy. Energy is released during fission, and although the splitting of a single nucleus provides only a tiny quantity of energy, the process produces more neutrons, as can be seen in Equation 8.4. These extra neutrons can go on to cause other fissions in the surrounding nuclei. This is known as a chain reaction, and since there are billions of nuclei in even a small mass of nuclear fuel, vast amounts of energy can be released. In an atomic bomb the chain reaction is allowed to progress in an uncontrolled manner, but in a nuclear power station the chain reaction is carefully controlled to provide a steady flow of energy. This is done by absorbing some of the neutrons before they split other nuclei.



8.4.2



Fusion



Fusion is the nuclear process that powers the Sun and all the stars. It is also used in hydrogen bombs, which are about one hundred times more powerful than fission bombs. During fusion, 2 small nuclei are joined (fused) together to make a larger nucleus. Fusion reactions are difficult to start, requiring extremely high temperatures (up to 100 million degrees Celsius), to overcome the natural repulsion of the positive nuclei. They are even more difficult to control, but they do have certain advantages over fission reactions: there is a plentiful supply of the fuel, and the waste products are much less dangerous than the waste products from fission reactions. Although a single fusion releases less energy than a single fission, there is a greater energy yield per kilogram of fuel. The nuclei used in fusion are much smaller than those used in fission, and so there are many more nuclei in each kilogram. One possible fusion reaction uses 2 isotopes of hydrogen (deuterium and tritium) to produce an alpha particle and a neutron, see Equation 8.5. 



H











H



 



 He







n







energy



..........................................



  H is found in ordinary water, and although tritium



(8.5) 



 H is much less Deuterium abundant, it can be made from lithium, of which there is a plentiful supply.



The process is almost impossible to control because of the high temperatures that have to be maintained in the nuclear reactor. Experiments are ongoing to contain the reaction inside a magnetic field. This is not a problem for nuclear weapons, since the energy is not intended to be contained. The high temperature needed to start the fusion reaction © H ERIOT-WATT U NIVERSITY
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in a hydrogen bomb is provided by the detonation of a fission bomb.



8.4.3



Mass-Energy equivalence



Why do fission and fusion reactions release kinetic energy? To understand the answer to this question, we need to introduce a new concept: mass-energy equivalence. What this means is that mass and energy are essentially the same thing, and so mass could be measured in joules, or energy could be measured in kilograms. The two quantities are linked by the famous equation from Albert Einstein: E = m c 2 , where E is the energy in J; m is the mass in kg; and c is the speed of light in a vacuum (3 x 10 8 m s-1 ). Using the above equation, we can show that 1 kg of matter is equivalent to 9 10 16 J of energy, which is roughly the energy we would get by burning 15 million tonnes of coal. Fission and fusion work by changing a small fraction of the mass of the fuel into energy. We will look at this in more detail. If we look back at the fission reaction we met earlier, we can see that the atomic and mass numbers are the same on each side of the reaction: A = 236; Z = 92 (remember to add in the neutrons). 235 92 U







n











 Ba







  Kr



  n 



energy



However, if we look at the actual total mass of each of the fission products, we find that it is less than the original total mass of the uranium nucleus and neutron. This is due to the difference in the binding energy of the nuclei. Every nucleus has slightly less mass than the same number of individual nucleons. For example an alpha particle has a mass of 4.003 u (1 atomic mass unit (u) = 1.66 10 -27 kg), but the mass of 2 protons and 2 neutrons add up to 4.034 u. This mass defect, as it is known, is equivalent to the binding energy of the nucleus. In the above example the barium and krypton nuclei are more stable than the original uranium nucleus, which means that the nucleons are more tightly bound together. This results in some of the mass of the uranium being turned into energy. When dealing with the energy released from a single fission or fusion, it is sometimes easier to use an alternative unit of energy: the electronvolt (e V). By definition this is the energy that an electron gains when it passes through a potential difference of 1 volt. For example each electron passing through a 9 V battery will gain 9 e V of energy. It can be   that 1 e V is equal to 1.6 10 -19 J. We will only shown, using the equation  use joules in any energy calculations. 



Elements that have neither high nor low mass numbers such as iron 56 26 Fe are the most stable, while elements above and below this are less so. We can see this in a graph of binding energy against atomic mass, see Figure 8.6. Fission works by taking a large, unstable nucleus and changing it into 2 smaller, more stable nuclei.
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Figure 8.6: Binding energy curve
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.......................................... You can also see from the binding energy curve that fusion reactions will also result in a more stable nucleus. Although fusion results in a larger nucleus, it has slightly less mass than the combined mass of the original nuclei, and so again energy is released.



8.4.4



Energy calculations



As mentioned in the previous section, the amount of energy released in a fission or fusion reaction can be calculated using Einstein’s equation: E = m c 2 . The method is the same for both reactions, but we will work through an example of each. Step 1: Check that the atomic and mass numbers are the same on each side of the reaction (adjust if necessary). Step 2: Find the actual total mass before the reaction (from a table of atomic masses, Table 8.1). Step 3: Find the actual total mass after the reaction. Step 4: Find the ’lost’ mass (convert to kilograms if necessary). Step 5: Use the equation E = m c 2 to calculate the energy released. Table 8.1: Table of Atomic masses Particle



  U



  Xe



 



 Mo



n



mass (x 10-27 kg)



390.173



225.606



162.522



1.675



..........................................
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Examples 1. Fission reaction Identify particle X and calculate the energy released in the reaction shown in Equation 8.6. 235 92 U







n











  Xe



 



 Mo



   n   AZX



(8.6)



.......................................... Step 1 Lets look at the mass and atomic numbers on each side of the reaction:



        A    A    A atomic numbers:           Z



    Z  Z    Z  Z  mass numbers:



    A A



In order to balance the equations, the 4 unknown particles (X) must each have mass number 0 and atomic number -1, so X must be a beta particle. The reaction then becomes: 235 92 U







n







  Xe







 



 Mo



  n    



Since the mass of the four beta particles is less than 0.01% of the mass of one neutron, we can ignore them in the energy calculation. Step 2 Use the table of atomic masses to calculate the total mass before the reaction: mass of 235 92 U mass of  n total mass



    kg    kg     kg



Step 3 Use the table of atomic masses to calculate the total mass after the reaction: mass of   Xe



mass of  



 Mo



mass of  n total mass
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Remember that we have ignored the mass of the beta particles, since it is insignificant compared to the total mass. Step 4 Find the lost mass:



    kg     kg    kg



total mass before total mass after lost mass Step 5 Calculate the energy released:







 



      J



  







.......................................... 2. Fusion reaction Calculate the energy released in the reaction shown in Equation 8.7. 



H + H



 



 He



+ n



(8.7)



.......................................... The steps are the same as in the fission reaction, so we will not show them individually. The equation is balanced, since the totals of the atomic numbers and the mass numbers are the same on both sides. Particle mass (u)











H



2.014



H



3.016 



 He



n



4.003



1.009



1 u = 1.66 10 -27 kg Note that the masses are given in Atomic mass units (u).



  u    u   u final mass   u   u   u lost mass   u    u   u       kg     kg initial mass



  



      



    J
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..........................................



Extra Help: Using the terms "mass defect" and "lost" mass Quiz 3 - Mass-energy equivalence Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. You will find the data you need for this activity in the table of atomic masses below. nuclide/ particle



H



H



 He 



n 



He 



atomic mass ( 10-27 kg)



1.673



3.343



5.007



1.675



6.645



nuclide/ particle



 U 



 Kr  



  Ba



  Xe



  Sr



atomic mass ( 10-27 kg)



390.173



150.932



235.581



222.282



165.892



Speed of light c = 3 10 8 m s-1 Q11: Which of the following statements about fission and fusion reactions is/are true? (i) The elements produced have a higher binding energy per nucleon. (ii) The elements produced have a lower binding energy. (iii) The reactions result in an increase of mass. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (iii) only (ii) and (iii) only ..........................................



Q12: The induced fission of uranium-235 can produce krypton-91 and barium-142. How many neutrons will be produced by this reaction, assuming that no other particles are released? a) b) c) d) e)



1 2 3 4 5 ..........................................



Q13: What is the energy equivalent of 20 g of coal? a) 6.0 x 106 J © H ERIOT-WATT U NIVERSITY
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b) c) d) e)



6.0 x 109 J 1.8 x 1015 J 1.8 x 1016 J 1.8 x 1018 J ..........................................



Q14: What is the energy released in the following fission reaction?   U



a) b) c) d) e)



1.216 1.799 2.916 2.916 9.720







n











  Xe



  Sr



  n



10-10J 10-10J 10-16J 10-11J 10-20J ..........................................



Q15: How much energy is released in the following fusion reaction?   He



a) b) c) d) e)



1.526 2.070 6.900 5.088 2.070







  He



 



 He







H



10-10J 10-12J 10-21J 10-19J 10-15J ..........................................



8.5



Summary



By the end of this Topic you should be able to: • describe how Rutherford showed that the nucleus has a relatively small diameter compared with that of the atom and that most of the mass of the atom is concentrated in the nucleus; • explain what is meant by alpha, beta and gamma decay of radionuclides; • identify the processes occuring in nuclear reactions written in symbolic form; • state that in fission a nucleus of large mass number splits into two nuclei of smaller mass numbers, usually along with several neutrons; • state that in fusion two nuclei combine to form a nucleus of larger mass number; • explain, using E = m c2 , how the products of fission and fusion acquire large amounts of kinetic energy; • carry out calculations using E = m c2 for fission and fusion reactions. © H ERIOT-WATT U NIVERSITY
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Online assessments End of Topic assessment. Instructions are given on-screen. Two online test are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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9.1



Introduction



There are many misconceptions about the effects that radiation can have on humans and although there is no denying the fact that it can be dangerous, it should also be remembered that radiation plays an important part in medicine. In the first section we consider radioactivity in general terms and find out how the activity of radioactive sources can be measured. Secondly, we look at how to assess the danger posed by radioactive material. There are many factors that will determine the harm done to living tissue by radiation and you will see how all of these must be taken into account in determining the risk to health.



9.2







Activity measurements



Learning Objective To define what is meant by the activity of a radioactive source.



Æ



To carry out calculations on the activity of a radioactive source.



There are two types of radiation: ionising and non-ionising. By this we mean whether the radiation produces ions in any material it passes through or not. Examples of nonionising radiation are radio waves and visible light. In this Topic we are concerned only with ionising radiation, such as alpha and beta particles or gamma rays and X-rays. Many radiation detectors rely on the ionising effect. For example, the Geiger-Muller tube uses an electric field to attract the charged ions to a central wire. This causes an electrical pulse to be sent to a counter. Each pulse tells us that a radioactive particle or ray entered the tube, although it cannot identify what type it was. As we saw in the last Topic, some materials are radioactive because their nuclei are unstable. These nuclei spontaneously break apart, releasing particles or waves. This radioactive decay is a random process and it is impossible to tell when a particular nucleus in a sample of a radioactive substance will disintegrate. We can however measure how many of the nuclei in a particular quantity of the radioactive substance on average decay each second. This is known as the activity of the quantity of the substance. We can calculate activity using the equation: 



 



(9.1)



.......................................... where N stands for the number of nuclei disintegrating, t is the time in seconds and A is the activity of the quantity of the radioactive substance in becquerels (Bq). 1 Bq is equal to 1 nuclear disintegration per second. This is a very small unit of activity and radioactive sources are more likely to have activities measured in kilobecquerels (kBq) or Megabecquerels (MBq).



© H ERIOT-WATT U NIVERSITY







9.2. ACTIVITY MEASUREMENTS



135



Example : Activity calculations The following 10 readings were taken from a radioactive source, each reading being the number of nuclear disintegrations in the source over a 1 minute period. Calculate the mean activity of the source along with the percentage uncertainty. Reading Disintegrations per minute



1



2



3



4



5



6



7



8



9



10



9120 8880 8940 9360 9480 8580 8640 9060 9000 8940



Firstly, we must calculate the activity, using Equation 9.1, dividing each reading by 60 to get the number of disintegrations in the source each second. The results are shown in the table below. Reading Disintegrations per minute Activity (Bq)



1



2



3



4



5



6



7



8



9



10



9120 8880 8940 9360 9480 8580 8640 9060 9000 8940 152



148



149



156



158



143



144



151



150



149



The mean activity of the radioactive source over the period of the readings, as well as the random uncertainty in the readings, can now be calculated.



Mean activity =



Random uncertainty



percentage uncertainty



Activity of source



                        Bq highest reading - lowest reading number of readings



     Bq         Bq



..........................................



Quiz 1 Activity Calculations Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q1: What is the activity of a radioactive sample, if 12 000 nuclei decay in one minute? a) 12 Bq © H ERIOT-WATT U NIVERSITY
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b) c) d) e)



120 Bq 200 Bq 12 000 Bq 720 000 Bq ..........................................



Q2: What would be the approximate number of disintegrations in a ten-minute period from a source with an average activity of 2.5 kBq? a) b) c) d) e)



25 150 1 500 25 000 1 500 000 ..........................................



Q3: A counter with a Geiger-Muller tube connected is left switched on next to a radioactive source that has an activity of 1.5 kBq. Assuming the counter was initially set to zero and that it detects 1% of the total disintegrations each second, how long, to the nearest hour, would it take for the counter to show a reading of 150 000 counts? a) b) c) d) e)



1 2 3 4 5 ..........................................



Q4: The following 5 readings were taken of a radioactive source, each reading being the number of nuclear disintegrations in the source over a 1 minute period. What is the mean activity of the source over the period of the measurements? Reading Disintegrations per minute a) b) c) d) e)



1



2



3



4



5



184 000



320 000



116 000



128 000



152 000



3 kBq 15 kBq 152 kBq 180 kBq 900 kBq ..........................................



Q5:



The average activity of a quantity of a radioactive substance is



a) the rate at which the radioactive nuclei are decaying. b) the total number of radioactive nuclei in the substance. c) the number of radioactive nuclei divided by the number of non-radioactive nuclei in the substance. © H ERIOT-WATT U NIVERSITY
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d) the average number of nuclei that decay. e) the time it takes the number of nuclei in the radioactive substance to reduce to half. ..........................................



9.3



Dose measurements



Learning Objective







To state some of the biological effects of radiation.



Æ



To define and use various quantities associated with the absorption of radiation by living tissue.



If we compare two radioactive sources, it may seem at first sight that one with a greater activity is more dangerous to living things; but can we be sure that this is really the case? Which of these would cause more damage: ten punches from a young child or one punch from a professional boxer? Or which of these is more dangerous: hitting your toe or hitting your head on a brick wall? If humans hope to use radioactive material safely, it is important to understand fully the dangers involved. There are a number of factors that must be taken into account in calculating the risk to health from radioactive sources.



9.3.1



Biological effects



The early pioneers of radiation research were unaware of the dangers involved and some probably suffered an early death because of this. Nowadays we have a much greater knowledge of the effects of radiation on living things. Sadly much of this information comes from the survivors of the atomic bombs dropped on Hiroshima and Nagasaki at the end of World War II. Other knowledge about the dangers of radiation has been obtained more recently from the accidents at the nuclear power plants in Chernobyl, in the (then) USSR and Three Mile Island in the USA. It is impossible to say how any particular person will be affected by exposure to radiation, but we do know the possible effects. The effects of a large dose of radiation, say from a nuclear explosion, can be split into 2 categories: short term and long term. In the immediate aftermath of severe radiation exposure some body cells will die. In the case of skin cells this would be like a severe case of sunburn and the skin will peel. Internal organs will also be affected and victims would suffer from sickness and diarrhoea, like severe food poisoning. The white blood cells would also be killed and this would prevent the body from fighting disease. For victims who survive the initial effects of the radiation there is an increased probability of developing cancer or leukaemia within a few years of the exposure. The DNA in the cells can also be affected and in the long term this may show up as an increase in birth abnormalities in future generations, although there is no evidence of this in children born to the victims of the Hiroshima and Nagasaki bombs. Most people are subjected only to very small amounts of naturally-occurring radiation.
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Workers in certain occupations such as the nuclear industry can also be exposed to extra radiation due to the kind of work they do. Radiation at any level will affect the cells of the body, although the body can repair damaged cells and so normal radiation levels can be considered a low risk to our health. It is very important though, to monitor radiation levels at all times to ensure the safety of the public and workers.



9.3.2



Absorbed dose



Radioactive particles and rays contain energy and when they are absorbed by a body, this energy is also absorbed. Absorbed dose (D) is defined as the amount of energy absorbed per unit mass of tissue. The unit of absorbed dose is the gray (Gy) and is equal to 1 joule per kilogram (J/kg). Absorbed dose can be calculated using the equation:



 







(9.2)



.......................................... where E is the energy of the source in joules (J) and m is the mass of the absorbing tissue in kilograms (kg). Example : Absorbed dose calculations A 60 kg man absorbs 1.5 J of energy from a radioactive source, spread over his whole body. Calculate the absorbed dose. Using Equation 9.2







   



   Gy .......................................... It is important to realize that we must only use the mass of the absorbing tissue. For instance, if the man in the previous example was receiving radiation therapy on a small tumour of mass 10 grams (0.01 kg) then the absorbed dose would be much greater:







    



 Gy Quiz 2 Absorbed dose Multiple choice quiz. 15 min



First try the questions. If you get a question wrong or do not understand a question, © H ERIOT-WATT U NIVERSITY
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there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: What is the absorbed dose for a worker, of mass 65 kg, absorbing 13 J of energy from gamma radiation over his whole body? a) b) c) d) e)



0.20 mGy 5.0 mGy 0.20 Gy 0.85 Gy 5.0 Gy ..........................................



Q7: A 50 kg patient receives 5 J of beta radiation, which is totally absorbed by a 200 g tumour in her body. What is the absorbed dose? a) b) c) d) e)



0.10 Gy 1.0 Gy 10 Gy 25 Gy 40 GY ..........................................



Q8: How much energy is absorbed by someone of mass 80 kg, exposed to an absorbed dose of 500 mGy spread over their whole body? a) b) c) d) e)



40 J 80 J 160 J 400 J 500 J ..........................................



Q9: How much energy is absorbed by 100 g of tissue that receives an absorbed dose of 20 Gy? a) b) c) d) e)



2 J 5 J 2 mJ 5 mJ 2J ..........................................



Q10: A tumour receives an absorbed dose of 2500 mGy from a source that has an energy of 2.00 J. What is the mass of the tumour? a) b) c) d)



1.25 g 5.00 g 800 g 1.25 kg
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e) 5.00 kg .......................................... Although absorbed dose is useful in predicting the biological effects of a particular type of radiation, it does not allow us to compare the effects of different types of radiation. We will deal with this in the next section.



9.3.3



Equivalent dose



If we want to compare the effects of the different types of radiation, we have to take into account the differences between them. It is not enough to measure the absorbed dose, since 1 gray of alpha radiation has a greater effect than an equal absorbed dose of beta radiation. The reason for this is that alpha particles are bigger and cause more ionisation than beta particles and so alpha particles are more likely to cause damage to the cells that they strike. It is a common misconception that alpha particles are less dangerous than beta particles because they are easily stopped by air or paper, but in being stopped, they pass on their energy to the atoms they hit. By comparing the effects of different doses of radiation, it is possible to introduce a radiation weighting factor (wR ), allowing us to compare the different types of radiation on an equal basis. For example, alpha radiation is about 20 times more dangerous than beta or gamma, i.e. 1 Gy of alpha is equivalent to 20 Gy of beta or gamma. This leads us to a new quantity: equivalent dose (H), which is calculated by multiplying the absorbed dose (D) by the quality factor of the radiation (w R ).











(9.3)







.......................................... H is measured in sieverts (Sv) and, like the gray, 1 sievert is equal to 1 joule per kilogram. This is because wR is only a multiplying factor and does not have any units. The following table gives the radiation weighting factor of various radiations. Table 9.1: Radiation Weighting Factors Radiation



Radiation weighting factor (wR )



alpha particle



20



beta particle gamma ray X-ray



1 1 1



slow (thermal) neutrons



~3



high energy neutrons



10



high energy protons



10



..........................................
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Example : Equivalent dose calculations Use the wR values given in Table 9.1 to calculate the total equivalent dose of someone receiving 5 mGy of gamma radiation and 200 Gy of alpha particles. We first of all calculate the equivalent dose of each radiation: Gamma: gamma







Alpha: alpha











   



   mSv











        mSv



To find the total equivalent dose, we add the equivalent doses of each radiation.



 gamma  alpha







mSv



The total equivalent dose is 9 mSv. ..........................................



Quiz 3 Equivalent dose Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Use the information in Table 9.1 unless told otherwise. Q11: What is the equivalent dose of 50 mGy of alpha particles? a) b) c) d) e)



1.0 mSv 2.5 mSv 50 mSv 500 mSv 1000 mSv ..........................................



Q12: A worker is exposed to 5.00 mGy of alpha and 20.0 mGy of beta radiation. What is the total equivalent dose received? a) 25.0 mSv b) 100 mSv © H ERIOT-WATT U NIVERSITY
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c) 120 mSv d) 405 mSv e) 500 mSv .......................................... Q13: Which of the following poses the greatest risk to health? a) b) c) d) e)



100 mGy of high energy neutrons 40 mGy of alpha particles 1500 Gy of beta particles 1.5 Gy of gamma rays 1200 mGy of X-rays ..........................................



Q14: Some low energy neutrons are calculated to have a radiation weighting factor of 3. What equivalent dose would be received from 250 mGy of these neutrons and 25 mGy of high energy neutrons? a) b) c) d) e)



3575 mSv 2750 mSv 2575 mSv 1000 mSv 825 mSv ..........................................



Q15: A person receives a total equivalent dose of 400 mSv from 5 mGy of alpha particles and 150 mGy of low energy neutrons. What is the radiation weighting factor of the neutrons? a) b) c) d) e)



1 2 5 10 20 ..........................................



9.3.4



Equivalent dose rate



It is important to take into account the time of exposure in assessing the biological risk from a particular dose of radiation. A worker receiving an equivalent dose of 200 mSv in one day due to an accident is more likely to become ill than if she received the same amount over her full working life. Equivalent dose rate is calculated using Equation 9.4:



 



 



(9.4)



..........................................







where H is the equivalent dose, t is the time of exposure and  is the equivalent dose rate. © H ERIOT-WATT U NIVERSITY
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If H is given in Sv and t is in s then the unit of equivalent dose rate will be Sv s -1 , although it is quite common for equivalent dose rates to be given as millisieverts per hour or microsieverts per minute etc. Example : Equivalent dose rate calculations A worker in the nuclear industry is accidentally exposed to a high energy neutron source over a 15 minute period. If the equivalent dose rate is 120 mSv per hour, what is the absorbed dose received by the worker? First of all we must ensure that the units of time agree with the equivalent dose rate. In this instance we will change 15 minutes to 0.25 hour, but equally we could change the equivalent dose rate to 2 mSv per minute. Rearranging Equation 9.4 allows us to calculate the equivalent dose:







  



        mSv



We find the radiation weighting factor for the neutron source from Table 9.1 and calculate the absorbed dose using Equation 9.3



 



      



Absorbed dose







        3 mGy



..........................................



Quiz 4 Equivalent dose rate Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. You will find the relevant quality factors in Table 9.1. Q16: A person receives an equivalent dose of 96 mSv in 1 day. What is the equivalent dose rate? a) b) c) d) e)



4.0 Sv s-1 1.6 mSv h-1 4.0 mSv h-1 8.0 mSv h-1 4.0 Sv h-1
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.......................................... Q17: A worker absorbs 5.0 mGy of alpha radiation during a 2 hour period. What is the equivalent dose rate? a) b) c) d) e)



2.5 mSv h-1 5.0 mSv h-1 10 mSv h-1 25 mSv h-1 50 mSv h-1 ..........................................



Q18: What would be the equivalent dose rate for a person exposed to 300 Gy of alpha particles and 30 mGy of beta particles over a 1 hour period? a) b) c) d) e)



280 Sv h-1 8.00 Sv s-1 10.0 Sv s-1 167 Sv s-1 583 Sv s-1 ..........................................



Q19: What would be the equivalent dose from a source of alpha particles over a full day, if the equivalent dose rate is 0.02 Sv s -1 ? a) b) c) d) e)



0.09 Sv 0.40 Sv 5.0 Sv 1.7 mSv 34 mSv ..........................................



Q20: What would be the absorbed dose for a person exposed to a neutron source of radiation weighting factor 5 at a rate of 1.0 Sv h -1 , over a 15 minute period? a) b) c) d) e)



0.05 Gy 0.30 Gy 1.25 Gy 3.0 Gy 75 Gy ..........................................



9.3.5



Effective equivalent dose



As we have seen in the previous sections, the biological risk from ionising radiation is dependent on a number of factors, namely the type and level of radiation and also the rate of exposure. These are not the only factors that have to be taken into account, as some tissues are more susceptible to radiation damage than others. Tissues such as blood cells and bone marrow are more likely to be damaged than muscle, nerve or brain tissue. The effective equivalent dose takes all of these factors into account in assessing the risk to health from radiation. © H ERIOT-WATT U NIVERSITY
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Summary



By the end of this Topic you should be able to: • state that the average activity A of a quantity of radioactive substance is N/t where N is the number of nuclei decaying in time t; • state that one becquerel (Bq) is one decay per second; • carry out calculations using the relationship A = N/t; • state that the absorbed dose D is the energy absorbed per unit mass of the absorbing material; • state that the gray (Gy) is the unit of absorbed dose and that one gray is one joule per kilogram; • state that the risk of biological harm from an exposure to radiation depends on the absorbed dose, the kind of radiation and the body organs or tissues exposed; • state that a radiation weighting factor w R is given to each kind of radiation as a measure of its biological effect; • state that the dose equivalent H is the product of D and w R and is measured in sieverts (Sv); • carry out calculations involving the relationship H = Dw R ; • state that equivalent dose rate = H/t; • state that the effective equivalent dose takes account of the different susceptibilities to harm of the tissues being irradiated and is used to indicate the risk to health from exposure to ionising radiation.



Online assessments Two on-line tests are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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10.1



Introduction



Radiation is all around us: we live on a radioactive planet, orbiting a radioactive star. There is not much we can do about these natural sources, but in this Topic we look at the factors affecting the level of this background radiation. Radiation is also produced by human activity - it is used in hospitals and in the nuclear power industry for example, so it is important that governments set limits on the amount of radiation to which workers and the general public can be exposed. In the second part of the Topic we examine ways of providing protection from radioactive sources. Firstly we investigate the effect that distance has on the measured level of radiation due to a source and then we look at the absorption properties of materials to see how the thickness of absorber affects the level of radiation due to a radioactive source. We also introduce a new quantity to allow comparison of the effectiveness of absorbers.



10.2







Dose limits



Learning Objective To describe the factors affecting the background level of radiation. To state the annual effective dose equivalent, from natural sources, for a resident of the UK.



Æ



To state that radiation exposure limits have been set for the general public and certain employees in the UK.



The human race is constantly exposed to radiation. In this section we will look at the factors affecting the level of background radiation and the limits that have been set by the government to ensure the safety of workers in the nuclear industry and the general public.



10.2.1



Background radiation



There are several sources of background radiation and the exact amount we receive from any source depends on where we live. In modern times, the Earth has been subjected to a new source of background radiation, namely that produced by humans. This has been due to nuclear explosions, accidental leaks and medical uses, but globally all of these together are much less than the natural background radiation. Obviously, this does not apply to the immediate vicinity when a nuclear accident or incident takes place. We will look at four sources of background radiation in detail: 1. cosmic rays; 2. radioactive rocks; 3. radon gas; 4. human body.
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Cosmic rays The Earth is constantly being bombarded by high energy particles and rays from space and although the atmosphere and the Earth’s magnetic field give us a great deal of protection, some of this radiation does get through. In fact some of these cosmic rays are actually produced in the atmosphere by the collisions of particles with molecules in air. These rays are termed secondary cosmic rays. The Sun is the main source of cosmic rays hitting the Earth. The nuclear processes within the Sun produce many different radiations, which together are known as the Solar wind. It is this ’wind’ that causes the tail to form on a comet as it passes nearby, which is why comets travel tail first as they move away from the Sun, Figure 10.1. Figure 10.1: Solar wind



Tail length decreases No tail Solar wind



Sun



Tail length increases



.......................................... Most of the particles arriving at the Earth are charged and so they are affected by the Earth’s magnetic field. This causes the particles to be deflected towards the poles, which means that the background radiation from cosmic rays will increase as you move nearer to the poles. The magnetic field of the Solar wind distorts the Earth’s magnetic field as shown in Figure 10.2. The collisions of charged particles with molecules of air in the upper atmosphere explain the appearance of the aurorae, which are caused by the interaction of the cosmic rays with the atmosphere. A useful web site to find out more information about aurorae can be found at: http://www.aurorawatch.york.ac.uk.
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Figure 10.2: The effect of the Solar wind on the Earth’s magnetic field



  



.......................................... Since the atmosphere protects us from cosmic rays, it follows that the level of background radiation is dependent on altitude. People living at high altitudes have less of the atmosphere to absorb the harmful radiation. The same is true for air travel and some aeroplanes have cosmic ray detectors to warn of excessively high levels. If the plane flies through a region of high radiation, the pilot can reduce altitude until a safe level is reached. Radioactive rocks All the naturally-occurring elements are created by the fusion of lighter elements. Elements of large atomic mass, such as uranium, are unstable and radioactive but due to the extremely long half-life of some of them they can still be found on Earth today. The background radiation from the ground depends on the concentration of the radioactive elements in the rocks. This variation in background level is evident even between different parts of the UK. For example Edinburgh, Cornwall and Aberdeen have higher background radiation levels than many other parts of Britain, due to the types of rock on which they are built. Radon gas Radon is part of the radioactive decay series of uranium and accounts for more than 50% of background radiation. Being a gas that is more dense than air, radon remains at ground level and tends to accumulate in the basements of buildings. Radon is an alpha-emitter and so the main danger comes from inhalation of the gas. As radon is produced from the radioactive elements in the ground, its concentration is also dependent on location. In some countries regular checks are made inside buildings to ensure that there is no build up of the gas. Good ventilation and air circulation can minimize any increase in concentration. The Human Body We are all slightly radioactive due to the fact that we eat, drink and breathe radioactive elements from our surroundings. The two main radioisotopes in our bodies are K  and C , which we get from the food we eat. Some foods, such as bananas, are high in potassium, part of which will be K  . However it would not be a good idea to try to reduce our intake of potassium as it is a vital mineral, necessary for good health. It is interesting to note that we breathe out as much C , in the form of carbon dioxide,
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as we take in. This means that the level remains constant while we are alive. After death, the remaining radioactive carbon decays with a half life of 5730 years. It is this radioisotope that is used in the carbon dating of the fossilized remains of once-living things.



Measuring background count Online simulation of background activity measurement. Full instructions are given on-screen.



20 min



The Earth is subjected to a random background radiation level. How to calculate the mean and the approximate random uncertainty in the mean value of a set of measurements.



10.2.2



Annual exposure rates



Background radiation levels vary enormously throughout the world, with levels in some places as high as 50 mSv per year. The UK has one of the lowest rates in Europe, with people being exposed to only about 2 mSv per year. It is important to put these figures into some kind of context, to help us understand them better. A equivalent dose of 1 Sv is a very large dose (about 500 times the normal yearly exposure) and would only be received as the result of a nuclear accident or explosion. Even then the victim would have a good chance of survival, with proper medical care. It should also be remembered that such doses would be instantaneous, whereas the equivalent dose received from background radiation is calculated for a full year. To ensure the safety of the general public and employees who use radioactive material, the government has set limits on the level of radiation to which people can be exposed. Any industry that uses radioactive material must satisfy government inspectors that every safety precaution has been taken to ensure these limits are always met. The limit for such employees in the UK is presently set at 20 mSv per year, while for members of the public the limit is 1 mSv per year. Any limits that are set are in addition to the background level.



Quiz 1 Background radiation Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor.
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Q1: a) b) c) d) e)



What is the general name given to the radiation reaching the Earth from space? galactic storms photon wind cosmic rays lunar waves stellar disruptions ..........................................



Q2: a) b) c) d) e)



Which gas is a major source of background radiation? neon argon krypton xenon radon ..........................................



Q3: Which one of the following isotopes is used in the radioactive dating of once-living fossils? a) b) c) d) e)



C14 C12 K40 U235 U238 ..........................................



Q4: What is the average annual effective equivalent dose for a resident of the UK from background radiation? a) b) c) d) e)



2 Sv 2 mSv 5 Sv 5 mSv 50 mSv ..........................................



Q5: A student takes five measurements of background radiation and obtains the following results: 5.0 cps; 7.0 cps; 4.0 cps; 9.0 cps; 5.0 cps. What is the mean background level and the random uncertainty in the measurements? a) b) c) d) e)



5.01.0 cps 6.01.0 cps 5.02.5 cps 6.02.5 cps 6.05.0 cps ..........................................
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To describe how the intensity of radiation is affected by an absorbing material. To describe how to measure the half-value thickness of an absorber. To carry out calculations involving half-value thickness.



Æ



To state the effect of shielding and distance on the intensity of a radioactive source.



In the case of radiation exposure, prevention is better than cure. There are two main ways of reducing exposure to a source of radiation: increasing distance from the source and shielding.







If the source can be considered as a point source, i.e. quite small and radiating in all directions, then the absorbed dose will decrease with distance as its effect will be spread over a wider area. You should be aware that some radiations are more penetrating than others, but all of them can be stopped by an appropriate absorbing material. It should be obvious that the thicker the material the more likely it is to stop radiation, but we will look at this in more detail in this section.



10.3.1



Inverse square law



In Topic 4 we saw that electromagnetic radiation from a point source obeys the inverse square law. This means that the intensity (irradiance) of the radiation is inversely proportional to the square of the distance from the source. As gamma rays are high energy electromagnetic waves, they also obey the inverse square law. The same applies to alpha and beta particles, if they are produced by a point source.



Inverse square law On-line simulation of inverse square law experiment. Full instructions are given on-screen. The inverse square law relationship applies to all forms of radiation from a ’point’ source.



10.3.2



Absorption



Alpha particles are stopped by paper; beta particles are stopped by aluminium; gamma rays are stopped by lead. This is useful to remind us of the penetrating nature of the different radiations, but in reality things are a bit more complex. Radioactive particles and rays are stopped when they interact with and lose energy to the molecules of the material they pass through. A gamma ray may just strike a molecule in a piece of paper and be stopped; or a beta particle might manage to pass through a sheet of lead, without hitting anything. This seems to contradict the previous paragraph, but both of these events are very unlikely and when we consider millions of particles or rays we find that our previous statement holds good.
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However, would all gamma rays pass through paper, no matter how thick the paper is, or would all beta particles be stopped by lead, no matter how thin the lead is? The answer of course is no. The chance of absorption by the substance increases with thickness.



Absorption of gamma rays Paper-based activity. 15 min



Use Table 10.1, which shows the corrected count rate from a gamma source measured from behind various thicknesses of lead, to draw a graph of count rate against thickness of lead. Take careful note of the shape of the graph as you are expected to be able to sketch it. Table 10.1: thickness of lead 0 (cm) count rate 500 (cps)



2



4



6



8



10



300



180



108



65



39



.......................................... The count rate due to a gamma source falls exponentially with increasing thickness of absorber.



10.3.3



Half-value thickness



You will have noticed that the graph of count rate against thickness of absorber, which you drew in the last section, is similar in shape to a graph of count rate against time for a radioactive source. This suggests that there may be a similar concept to that of half-life, relating the thickness of absorber to the count rate, and indeed there is. This quantity is known as the half-value thickness (T1/2 ) of the absorber and is the thickness of absorber that will cut the count rate due to the source by half. Cutting the count rate by half will also cut the received dose by the same amount. Of course the half-value thickness of a particular material will be different for the different types of radiation, e.g. we would need a much greater thickness of aluminium to cut the count rate due to gamma radiation by half, than we would need for beta radiation. The thickness is also dependent on the energy of the particles or rays, as more energetic radiation would be able to travel further through the material. We will only consider the half-value thickness of an absorber for gamma rays. The following diagram (Figure 10.3) shows the experimental set up required to measure the half-value thickness of an absorber.
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Figure 10.3: half-value thickness experiment



            



 



    



   



     



 



 



.......................................... As we are only interested in the half-value thickness of the material for gamma rays, a thin piece of aluminium is used as a beta absorber to remove beta particles from the count. Any alpha particles would also be stopped, but they would have been stopped by the air anyway. The metre stick is used only to ensure that the distance is kept constant. The count rate due to the source can be measured for various thicknesses of material and the results plotted in a graph. The half-value thickness can be found at various points on the graph and the mean value can be calculated. It would also be necessary to measure the background count rate, which would have to be subtracted from the measured count rates.



Half-value thickness Paper-based exercise. Use the results in Table 10.2, which shows the count rate from a gamma source as measured behind different thicknesses of lead, to draw a graph and calculate the halfvalue thickness of lead for this source.
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Table 10.2: thickness of lead (mm) corrected count rate (cps)



0



5



10



15



20



25



30



2400



1800



1350



1013



760



570



428



.......................................... How to draw a graph and calculate the half-value thickness of lead for a source from a table of results of corrected count rate for various thicknesses of lead.



Half-value thickness experiment On-line simulation of the half-value thickness experiment. 20 min



Full instructions are given on-screen. To describe the principles of a method for measuring the half-value thickness of an absorber. Examples 1. Half-value thickness calculations (1) Calculate the count rate due to a gamma source behind 3 half-value thickness of lead, if its unshielded count rate is measured to be 2 400 cps, at the same distance from the detector. There are 2 methods that we can use here: Method 1 As the count rate is halved for every half-value thickness, the count rate behind n such thicknesses will be (1/2)n times the original count rate: new count rate



!  !   cps



Method 2 In this method we make a table showing how the count rate changes for each half-value thickness. half-value thickness (T1/2 ) count rate (cps)



0



1



2



3



2400



1200



600



300



We can see from the table that the count rate will be reduced to 300 cps for 3 half-value thicknesses of lead. .......................................... © H ERIOT-WATT U NIVERSITY
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2. Half-value thickness calculations (2) The equivalent dose rate of a gamma source is reduced from 800 mSv s -1 to 25 mSv s-1 when shielded by 60 mm of lead. What is the half-value thickness of lead for this source? We will use method two to solve this, but you may also like to try method one for yourself. half-value thickness (T1/2 ) equivalent dose rate (mSv s-1 )



0



1



2



3



4



5



800



400



200



100



50



25



We start the table with no lead and continue adding 1 half-value thickness until we reach the desired dose equivalent rate, which in this case is 25 mSv s -1 . We can then calculate the half-value thickness of lead for this source:







T







T







T







    mm



..........................................



Quiz 2 Half-value thickness calculations Multiple choice quiz. First try the questions. If you get a question wrong or do not understand a question, there are ’Hints’ at the the back of the book . The hints are in the same order as the questions. If you read the hint and still do not understand then ask your tutor. Q6: The equivalent dose rate of a particular radioactive source is 50.0 mSv h -1 . Calculate the equivalent dose rate behind a 20 cm lead screen, if the half-value thickness of lead for that particular source is 10 cm. a) b) c) d) e)



0.400 mSv h-1 2.50 mSv h-1 5.00 mSv h-1 12.5 mSv h-1 25.0 mSv h-1 ..........................................



Q7: The measured count rate from a gamma source drops from 2 000 cps to 250 cps when a 24 cm thick screen is placed between the source and the detector. What is the half-value thickness of the screen? a) b) c) d) e)



3.0 cm 6.0 cm 8.0 cm 12 cm 24 cm
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.......................................... Q8: A gamma source has a measured count rate of 100 cps behind a 50 cm thick screen of lead. If the half-value thickness of lead is 10 cm for that source, what would the measured count rate be with the screen removed? a) b) c) d) e)



20 cps 500 cps 1 600 cps 3 200 cps 6 400 cps ..........................................



Q9: Two materials A and B have half-value thicknesses of 5.0 cm and 10 cm respectively for a particular source. If the equivalent dose rate from the unshielded source is 200 mSv h-1 , which one of the following would not reduce the equivalent dose rate below 20 mSv h -1 ? a) b) c) d) e)



15 cm of A and 10 cm of B 40 cm of B 10 cm of A and 20 cm of B 20 cm of A 5.0 cm of A and 20 cm of B ..........................................



Q10: An unshielded source gives a measured count rate of 1 600 cps. A screen consisting of 3 half-value thicknesses of lead plus 20 cm of an unknown material is placed between the source and detector. If the measured count rate falls to 50 cps, what is the half-value thickness of the unknown material? a) b) c) d) e)



5.0 cm 10 cm 20 cm 4.0 cm 2.5 cm ..........................................



10.4



Summary



By the end of this Topic you should be able to: • describe the factors affecting the background radiation level; • state that the average annual effective equivalent dose which a person in the UK receives due to natural sources (cosmic, terrestrial and internal radiation) is approximately 2 mSv; • state that annual effective equivalent dose limits have been set for exposure to radiation for the general public, and higher limits for workers in certain occupations; © H ERIOT-WATT U NIVERSITY
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• sketch a graph to show how the intensity of a beam of gamma radiation varies with the thickness of an absorber; • describe the principles of a method for measuring the half-value thickness of an absorber; • carry out calculations involving half-value thickness; • state that the dose equivalent rate is reduced by shielding or by increasing the distance from a source.



Online assessments Two online tests are available. Each test should take you no more than 20 minutes to complete. Both tests have questions taken from all parts of the Topic.
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GLOSSARY



Glossary absolute refractive index The absolute refractive index (or more simply, the refractive index), n, of a medium ½ is the ratio   ¾ , where  1 is in a vacuum, and  2 is in the medium. Absorbed dose The energy absorbed from a radioactive source per unit mass of tissue. achromatic doublet A lens made from two different types of glass, to compensate for the fact that refractive index depends on the frequency of the incident light. activity The number of nuclei in a radioactive sample decaying each second. amplitude The maximum displacement of the medium from its mean position, measured in metres. angle of incidence The angle between the incident ray and the normal. angle of refraction The angle between the refracted ray and the normal. Atomic mass units (u) By definition one twelfth of the mass of a carbon-12 nucleus. atomic number The number of protons in an atomic nucleus. It is this number that determines the element. aurorae The visible effect of cosmic rays hitting the atmosphere. Known as the Aurora Borealis in the Northern Hemisphere and Aurora Australis in the Southern Hemisphere. They are also called the northern and southern lights. binding energy The energy needed to split a nucleus into its separate nucleons. breakdown voltage The limit of operation of a reverse-biased diode. chain reaction When a nucleus undergoes fission it releases neutrons that can go on to collide with other nuclei, causing further fission reactions. If there is a sufficient concentration of suitable nuclei, the process becomes self-sustaining.
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coherent waves Two or more waves that have the same frequency and wavelength and a constant phase relationship. collimator Part of a spectrometer that is used to produce a parallel beam of light. constructive interference When two coherent waves that are in phase interfere, there is an increased disturbance of the medium, because the net disturbance is the sum of the disturbances due to each individual wave. This process is called constructive interference. critical angle The maximum value of the angle between the normal and the ray in glass,  glass , for which refraction can occur. depletion layer The area surrounding the p-n junction of a diode where the electrons have combined with the holes leaving no free charges. destructive interference When two coherent waves that are not exactly in phase interfere, there is a reduced disturbance of the medium. This process is called destructive interference. If the waves are of equal amplitude and they are exactly out of phase (in anti-phase), the net disturbance is zero. diffraction An effect that causes waves to bend as they go past the end of an obstacle or through a small gap in a barrier. diffraction grating A transparent slide of glass or plastic that has a very large number of equallyspaced grooves machined on to its surface. Each groove acts as a source for coherent beams of light. dispersion The process of splitting up light into its constituent colours. dosimetry The measurement of the biological effect of ionising radiation. effective equivalent dose A quantity used to assess the health risk from ionising radiation, based on the susceptibility of different tissue to harm. electromagnetic waves The spectrum of waves that includes radio, visible light, X-rays etc.
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energy yield The amount of energy released per unit mass of fuel, for example coal can provide about 30 MJ/kg, whereas uranium has an energy yield of about 500 000 MJ/kg. equivalent dose A quantity used to compare the biological effects of different types of radiation. It is equal to the absorbed dose multiplied by the radiation weighting factor of the radiation. excited state Any atomic energy level higher than the ground state. Fission The splitting of a large atomic nucleus into smaller fragments, with the resultant release of excess energy. forward-biased A diode connected in a circuit such that the p-type terminal is more positive than the n-type terminal. frequency The number of complete cycles of a wave passing a given point in a given time, usually per second. Frequency is measured in hertz (Hz) where 1 Hz = 1 wave per second. gold leaf electroscope Device used to measure small amounts of charge. ground state The lowest energy level of an atom. half-value thickness The thickness of absorber that reduces the measured count rate of a radioactive source by half. induced fission The deliberate splitting of a large nucleus caused by the collision of the nucleus with a neutron. intrinsic semiconductors Semiconductor material with no impurities. inversion layer The section of the substrate below the gate that reverses type when a voltage is applied to the gate. ionisation level The energy level at which an electron can break free from an atom.
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irradiance The power per unit area of radiation incident on a surface. isotopes Different forms of the same element. The isotopes of an element contain the same number of protons but have different numbers of neutrons. junction voltage The potential difference between the ends of the depletion layer inside a p-n junction diode. leakage current The tiny current in a reverse-biased diode. line absorption spectrum A spectrum that consists of narrow dark lines across an otherwise continuous spectrum. line emission spectrum A spectrum consisting of narrow lines of light, the position of which depend on the substances producing the light. mass defect The difference between the mass of a nucleus and the total mass of an equal number of individual nucleons. mass number The total number of nucleons in the nucleus of an atom. metastable Excited energy levels within an atom where electrons can stay for longer than normal. monochromatic Radiation consisting of a single frequency. Monochromatic light Light of one wavelength (and therefore one colour). normal A line drawn at right angles to a surface or the boundary between two different media. n-type semiconductor Semiconductor material that has an excess of free electrons. nucleon The general term for protons and neutrons.
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nuclide The nuclei of one particular isotope. These nuclei all have the same atomic number and mass number. path difference The difference in path lengths of two sets of waves. periodic time The time taken to complete one cycle or period of a wave, measured in seconds. phase A way of describing how far through a cycle a wave is. Usually used when describing whether two waves are in phase (at the same point in their cycles) or out of phase (at different points in their cycles). photocathode The terminal from which electrons will be emitted due to the photoelectric effect. photoconductive mode The mode of operation of a photodiode that allows it to act as a light sensor. Photodiode A type of p-n junction diode that responds to light intensity. photoelectric effect The emission of electrons from a metal due to the effect of electromagnetic radiation. photoelectrons Free electrons produced by the photoelectric effect. photoemission The emission of electrons from a material caused by light shining on it. photon The particle of electromagnetic radiation. photovoltaic mode The mode of operation of a photodiode where it can supply power to a load. This is the basis of a solar cell. population inversion The situation inside a laser where there are more electrons in the excited state than in the ground state. principle of reversibility The principle of reversibility states that a ray of light will follow the same path in the opposite direction when it is reversed.
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principle of superposition When two or more waves overlap at a point, the total disturbance is equal to the vector sum of the disturbances due to each of the individual waves. p-type semiconductor Semiconductor material that has an excess of free holes. pumping circuit An energy source to cause electrons to jump to higher levels inside a laser. radiation weighting factor A multiplying factor based on the ionising effect of different types of radiation. radioactive decay series A chain of radioactive decays as a radioactive element changes to eventually become a stable, non-radioactive element. radioisotope Short for radioactive isotope. radionuclide Short for radioactive nuclide. recombination energy The energy released as a photon when an electron combines with a hole in a p-n junction. rectification The process of changing alternating current into direct current. refraction Refraction occurs when a wave goes from one medium into another. When a wave is refracted, its speed and wavelength always change; its frequency never changes; its direction sometimes changes. reverse-biased A diode connected in a circuit such that the p-type terminal is more negative than the n-type terminal. spectrometer An instrument that can make precise measurements of the spectra produced by different light sources. speed The speed of a wave is the distance travelled by a wave per unit time, measured in m s-1 . spontaneous emission of radiation The random process of an electron jumping to a lower energy level, releasing a photon. © H ERIOT-WATT U NIVERSITY
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spontaneous fission The random splitting of a large atomic nucleus due to the internal processes within the nucleus. stimulated emission of radiation The release of a photon by an electron jumping to a lower energy level, caused by the passing of a photon of energy equal to the energy difference between the two levels. stopping potential The minimum voltage required to reduce photoelectric current to zero. substrate The lower layer of a MOSFET made of lightly-doped semiconductor material. telescope The part of a spectrometer through which the spectrum is viewed. threshold frequency The minimum frequency of electromagnetic radiation that will cause photoemission for a particular substance. threshold voltage The minimum voltage needed to switch on a MOSFET (approximately 2 volts). total internal reflection When a ray of light travelling in a more dense substance meets a boundary with a less dense substance at an angle greater than the critical angle, the ray is not refracted but is all reflected inside the more dense substance. turntable The stage or platform of a spectrometer on which the diffraction grating or prism sits. The turntable has an angular scale on it to allow measurements to be made. valence shell The atomic energy level that contains the outermost electrons of the atom. It is the electrons in this shell that determine the chemical reactions between elements. wavelength The distance between successive points of equal phase in a wave, measured in metres. work function The minimum energy required to cause photoemission from a particular substance.
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Hints for activities Topic 1: Introduction to waves Quiz 1 Properties of waves Hint 1: Read section titled Definitions carefully then try again. Hint 2: This is an application of the following equation, from the section titled Definitions.











Hint 3:



Hint 4: 1 nanometre (nm) is equal to 10 -9 m. Hint 5: This is an application of the following equation, from the section titled Definitions.











Quiz 2 Interference and wave behaviour Hint 1: The maximum amplitude is the sum of the individual amplitudes. Hint 2: The minimum amplitude is the difference between the individual amplitudes. Hint 3: Re-read section titled Coherence and phase. Hint 4: Re-read section titled Superposition and interference. Hint 5: Re-read section titled Superposition and interference. © H ERIOT-WATT U NIVERSITY
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Topic 2: Diffraction and interference Wavelength of microwaves Hint 1:



Quiz 1 Diffraction and interference Hint 1: See the section titled Diffraction Hint 2: Look again at section titled Young’s slits experiment. Hint 3: On screen animation demonstrating Young’s slits. Hint 4: For constructive interference the path difference must be a whole number of wavelengths. Hint 5: For destructive interference the path difference must be an odd number of halfwavelengths.



Measuring wavelength with a diffraction grating Hint 1: Hint 2:



Quiz 2 The diffraction grating and white light spectra Hint 1: First work out the separation d between adjacent grooves in the grating. Then use the following equation.



  







Hint 2: Use the following equation to work out the angle of the first order maximum (i.e. when n = 1) then use it again to work out the angle of the second order maximum (i.e. when n = 2).
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Hint 3: See the section titled The spectrometer. Hint 4: The wavelengths of visible light can be found in section titled Definitions. Hint 5:



Diffraction grating



Prism Order of colours (deviated least to deviated most)



red, orange, yellow, green, blue, indigo, violet



violet, indigo, blue, green, yellow, orange, red



Central white maximum



no



yes



Number of spectra seen



one only



Spectrum produced by



refraction



many, in pairs on both sides of the central white maximum diffraction



Spectra produced by a prism and by a diffraction grating



Topic 3: Refraction of light Quiz 1 - Refractive index Hint 1: Re-read section titled Refractive index. Hint 2: Remember angles are always measured between rays and the normal. Hint 3: This is a straight application of the following equation.



   



constant



Hint 4: The frequency of a wave is determined by the source. Hint 5: You need to use the following equation.  ½  ¾
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Quiz 2 - Total internal reflection and critical angle Hint 1: See the activity Critical angle and absolute refractive index in section titled Total internal reflection and critical angle for the derivation of this relationship. Hint 2: This is a straight application of the following equation.



medium



 



  C 



medium



Hint 3: This is a straight application of the following equation.



medium



 



  C 



medium



Hint 4: Applications of total internal reflection are described in the section titled Total internal reflection and critical angle. Hint 5: Each half of binoculars uses two prisms - see the following diagram for the effect of one prism.



Prism used in binoculars (Porro prism)



Topic 4: The nature of light Quiz 1 Irradiance calculations Hint 1: Remember to change the area units from cm 2 to m2 and note that the power is in mW. © H ERIOT-WATT U NIVERSITY
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Hint 2: Remember to change the time to seconds. Hint 3: The units kilojoules and minutes have to be changed to the correct SI units before you do the calculation. Hint 4: First work out the area of the circle - and be careful the diameter is given not radius. Hint 5: From equation power = irradiance x area



Quiz 2 Inverse square law Hint 1: Four times the distance means one sixteenth the irradiance. Hint 2: The second distance is four times closer. Hint 3: The irradiance has gone up - so is the second observer closer or further away? Hint 4: First calculate the irradiance at a distance of 5 m then use the inverse square law. Hint 5: The irradiance of a laser does not follow the inverse square law.



Quiz 3 Photoelectric effect Hint 1: This is a straight application of the following equation.











Hint 2: First calculate the frequency then use the wave equation to calculate wavelength. Hint 3: You need to find the minimum frequency that will give a photon energy greater than the work function. Hint 4: The maximum kinetic energy equals the difference between the photon energy and the work function. © H ERIOT-WATT U NIVERSITY
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Hint 5: First find the energy of one photon and the energy going through the window each second.



Topic 5: Atomic energy levels Quiz 1 Energy level calculations Hint 1: You have to count all possible transitions between energy levels. Hint 2: This is a straight application of equation:











Hint 3: Calculate the maximum and minimum energies for the visible part of the spectrum. Hint 4: You need to know how much energy is needed to release an electron from the ground state - then use











to find the frequency of a photon with this energy. Hint 5: First work out the energy of the photon.



Quiz 2 Lasers Hint 1: The characteristics of a laser are described in the section titled Lasers. Hint 2: The design of a laser is described in the section titled Lasers. Hint 3: Calculate the energy of a photon of wavelength 565 nm. Hint 4: The characteristics of a laser are described in the section titled Lasers. Hint 5: Use the energy to calculate the frequency - and hence find the wavelength.
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Topic 6: Introduction to semiconductors Quiz 1 Semiconductors Hint 1: The structure of pure silicon is described in the section titled Electrical properties. Hint 2: Eliminate the statements you know are true - read the section titled Doping if you are not sure about some statements - when you have eliminated four statements the only statement left is false. Hint 3:



         



         



     



   



      



  



Doping Hint 4:
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Doping Hint 5:
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Doping



Quiz 2 P-N junction diodes Hint 1: Read the section titled p-n junctions then try again. Hint 2: See the following to find out about the depletion layer. Depletion layer Hint 3: See the following figure to see what happens when the diode is forward biased. Forward bias Hint 4: See the following figure to see what happens when the diode is reverse biased. © H ERIOT-WATT U NIVERSITY
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Reverse bias Hint 5: The diode conducts only when it is forward-biased.



Quiz 3 Light emitting diodes Hint 1: Eliminate four true statements to find the false statement. Hint 2: You can find the answer if you read the section titled Light emitting diodes carefully. Hint 3: Use E = hf to calculate recombination energy. Hint 4: First use the wave equation to find the frequency of the photon, then use E = hf. Hint 5: Use the wave equation to find the maximum and minimum frequencies - then use E = hf to find the maximum and minimum energies.



Topic 7: Semiconductor devices Quiz 1 Photodiodes Hint 1: In photovoltaic mode the photodiode converts the energy of incident radiation to electrical energy. Hint 2: The resistance of the photodiode depends on the intensity of the incident radiation. Hint 3: The design of a photodiode is described in the section titled Photodiode. Hint 4: Which device does not use light or infrared radiation. Hint 5: The leakage current is directly proportional to the intensity of radiation incident on the photodiode.



Quiz 2 MOSFETs Hint 1: See the section titled MOSFET Structure. © H ERIOT-WATT U NIVERSITY
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Hint 2: See the section titled MOSFET Structure, for a description of the way a MOSFET works. Hint 3: See the section titled MOSFET Structure, for a description of the way a MOSFET works. Hint 4: See the section titled MOSFET Structure, for a description of the way a MOSFET works. Hint 5: See the section titled MOSFET Structure.



Topic 8: Nuclear reactions Quiz 1 - Atomic structure Hint 1: In an atom the electrons orbit the nucleus. Hint 2: The alpha scattering experiment is described in the section titled The Rutherford model. Hint 3: Re-read the section titled Radioactivity then try again. Hint 4: Neutrons in a nuclide Problem: Calculate the number of neutrons in uranium-238. Solution: Using a periodic table we find that uranium has the chemical symbol U and contains 92 protons, which means that U-238 has the symbol 238 92 U. We can now calculate the number of neutrons. Mass number (A) = 238 Atomic number (Z) = 92 A - Z = 238 - 92 Number of neutrons = 146 Hint 5: Re-read the section titled Radioactivity then try again



Quiz 2 - Radioactive decay Hint 1: See the section titled Decay processes. Hint 2: Only alpha and beta decay result in the formation of a new element. © H ERIOT-WATT U NIVERSITY
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Hint 3: Beta decay is the result of a neutron splitting into a proton and an electron. Hint 4: Notice that the mass number is reduced by 4. Hint 5: For beta decay the atomic number increases by 1 and the mass number stays the same; for alpha decay the atomic number decreases by 2 and the mass number decreases by.



Quiz 3 - Mass-energy equivalence Hint 1: Energy is released in both reactions - so more energy per nucleon is needed to split the product nuclei. Hint 2: The total number of nucleons does not change. Hint 3: Notice that the mass is given in grams rather than kilograms. Hint 4: Calculate the total mass ’lost’ - then use E = mc2 . Hint 5: Calculate the total mass ’lost’ - then use E = mc2 .



Topic 9: Dosimetry Quiz 1 Activity Calculations Hint 1: Activity is the number of decays per second. Hint 2: Remember to convert time to seconds. Hint 3: Calculate the time for 150 000 decays of the source - then multiply by a hundred to get the number of seconds. Hint 4: Notice that the time is given as 1 minute - i.e. 60 seconds. Hint 5: As we saw in the last Topic, some materials are radioactive because their nuclei are unstable. These nuclei spontaneously break apart, releasing particles or waves. This © H ERIOT-WATT U NIVERSITY
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radioactive decay is a random process and it is impossible to tell when a particular nucleus in a sample of a radioactive substance will disintegrate. We can however measure how many of the nuclei in a particular quantity of the radioactive substance on average decay each second. This is known as the activity of the quantity of the substance. We can calculate activity using the equation:



Quiz 2 Absorbed dose Hint 1: Absorbed dose is energy per unit mass. Hint 2: The absorbed dose is energy per unit mass absorbed by the tumor - remember the correct SI unit for mass is the kilogram. Hint 3: This is a straight application of the following equation from in the section titled Absorbed dose.







 



Hint 4: This is a straight application of the following equation from in the section titled Absorbed dose.







 



Hint 5: This is a straight application of the following equation from in the section titled Absorbed dose.







 



Quiz 3 Equivalent dose Hint 1: Use the radiation weighting factor for alpha particles given in the following table.
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Radiation



Radiation weighting factor (wR )



alpha particle



20



beta particle gamma ray X-ray



1 1 1



slow (thermal) neutrons



~3



high energy neutrons



10



high energy protons



10



Radiation Weighting Factors Hint 2: First work out the equivalent dose for each radiation on its own - then add. Hint 3: The greatest risk is the radiation with the highest equivalent dose. Hint 4: First work out the equivalent dose for each radiation on its own - then add. Hint 5: First work out the equivalent dose of the alpha particles - then find the equivalent dose of the neutrons.



Quiz 4 Equivalent dose rate Hint 1: Divide the equivalent dose by the time. Hint 2: Divide the equivalent dose by the time. Hint 3: First find the total equivalent dose. Hint 4: First convert 24 hours to seconds. Hint 5: First find the absorbed dose for 1 hour.
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Topic 10: Nuclear safety Quiz 1 Background radiation Hint 1: Read the section titled Background radiation. Hint 2: Read the section titled Background radiation. Hint 3: Read the section titled Background radiation. Hint 4: Read the section titled Annual exposure rates. Hint 5: The approximate uncertainty in the mean is equal to the (highest measurement - the smallest measurement) divided by the number of measurements.



Quiz 2 Half-value thickness calculations Hint 1: The screen consists of two half-value thicknesses of lead. Hint 2: The measured count rate falls to one eighth. Hint 3: The screen consists of 5 half-value thicknesses - so you have to multiply by 25 . Hint 4: Work out how many half-value thicknesses there are in each combination. Hint 5: Work out the total number of half-value thicknesses needed to reduce the count rate from 1600 cps to 50 cps - three of these are lead and the rest are the other material.
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Answers to questions and activities 1 Introduction to waves Quiz 1 Properties of waves (page 5) Q1:



b) Amplitude



Q2:



a) 0.78 m



Q3:



e) Blue, green, red



Q4:



b) 6.10



Q5:



c) 15 Hz



10-7 m



Quiz 2 Interference and wave behaviour (page 10) Q6:



d) 12 mm



Q7:



a) 0 mm



Q8:



c) Coherent waves have a constant phase relationship.



Q9:



e) the principle of superposition.



Q10: d) Projection
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2 Diffraction and interference Wavelength of microwaves (page 17) Quiz 1 Diffraction and interference (page 20) Q1: a) waves go past the end of a barrier. Q2: c) interference of waves. Q3: e) (ii) and (iii) only Q4: b) 24 cm and 28 cm Q5: d) 22 cm and 26 cm



Measuring wavelength with a diffraction grating (page 25) White light spectra produced by a prism and a grating (page 27) Quiz 2 The diffraction grating and white light spectra (page 27) Q6: b) 528 nm Q7: d) 11.7Æ Q8: d) (i) and (ii) only Q9: e) red - 700 nm, green - 560 nm, blue - 470 nm Q10: e) (i), (ii) and (iii)
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3 Refraction of light Refractive index of a medium (page 33) The angles of incidence that you used will probably be different, but a typical set of values is shown in the table. Angle between normal and ray in air,  1 (Æ ) 5 15 25 35 45 55 65 75 85



Angle between normal and ray in glass,  2 (Æ ) 3 9 15 21 26 31 35 37 39



sin  1



 ½  ¾



sin  2



0.087 0.259 0.423 0.574 0.707 0.819 0.906 0.966 0.996



0.052 0.156 0.259 0.358 0.438 0.515 0.574 0.602 0.629



1.67 1.66 1.63 1.60 1.61 1.59 1.58 1.60 1.58



These results show that, within the limits of measurement of the angles concerned, is a constant.



 ½  ¾



Answers from page 40. Q1: 1.



glass



 glass glass



air glass   



glass   



   m s - 1



2.



glass



air glass



    glass    glass   nm glass
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Quiz 1 - Refractive index (page 40) Q2: e) (ii) and (iii) only Q3: b)



sin30Æ sin22Æ



Q4: c) 1.63 Q5: a) (i) only Q6: d) wavelength 400 nm; speed 2.00 x 10 8 m s-1



Total internal reflection (page 43) 1. When the angle between the normal and the ray in the glass,  glass , is in the range 0Æ to 38Æ as well as the incident ray there is a refracted ray and a reflected ray. If the refractive index of the glass, nglass , is known, the direction of the refracted vacuum or air glass . ray can be calculated using the relationship   glass The direction of the reflected ray can be found using the first law of reflection ""## #$#"%. 2. When the angle between the normal and the ray in the glass,  glass , is 39Æ , the angle between the normal and the refracted ray,  air , is 90Æ . In this case, the angle between the normal and the ray in the glass,  glass , is called the critical angle ( C ). 3. When the angle between the normal and the ray in the glass,  glass , is in the range 40Æ to 90Æ (in other words the angle of incidence is greater than the critical angle) there are only the incident and the reflected rays.



Quiz 2 - Total internal reflection and critical angle (page 46) Q7: d)  C



medium



Q8: c) 41.8Æ Q9: c) 1.31 Q10: b) an achromatic doublet lens Q11: a) leave its direction unchanged but displace it sideways.
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4 The nature of light Quiz 1 Irradiance calculations (page 51) Q1:



e) 100 W m-2



Q2:



e) 2.88 MJ



Q3:



c) 125 W m-2



Q4:



c) 40 W m-2



Q5:



a) 0.1 mW



Quiz 2 Inverse square law (page 55) Q6:



d) 2 W m-2



Q7:



e) 40 W m-2



Q8:



c) 114 cm



Q9:



d) 125 W m-2



Q10: c) 140 W m-2



Answers from page 57. Q11: The flame ionises the air and either the positive or negative ions are attracted to the cap of the electroscope, cancelling out the charge already on the electroscope.



Answers from page 59. Q12: b) No Q13: b) No Q14: b) No Q15: a) Yes Q16: a) Yes



Quiz 3 Photoelectric effect (page 66) Q17: b) 4.81 x 10-19 J Q18: b) 6.63 x 10-7 m Q19: d) 9.4 x 1014 Hz © H ERIOT-WATT U NIVERSITY
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Q20: a) 2.59 x 10-20 J Q21: c) 3.0 x 1018
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5 Atomic energy levels Quiz 1 Energy level calculations (page 75) Q1:



c) 6



Q2:



d) 4.54 x 1014 Hz



Q3:



b) 2



Q4:



b) 91 nm



Q5:



a) 1.45 x 10-19 J



Quiz 2 Lasers (page 80) Q6:



e) (i), (ii) and (iii)



Q7:



c) (iii) only



Q8:



e) 3.52 x 10-19 J



Q9:



d) The intensity of light is very high.



Q10: a) 6.33 x 10-7 m
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6 Introduction to semiconductors Quiz 1 Semiconductors (page 87) Q1: d) It is electrically neutral Q2: b) The impurity atoms make up about 10% of the new material Q3: d) (i) and (ii) only Q4: c) (iii) only Q5: b) (ii) only



Quiz 2 P-N junction diodes (page 93) Q6: d) they allow current to pass in one direction only. Q7: a) the depletion layer contains no charges inside it. Q8: e) the diode obeys Ohm’s law. Q9: e) the p-type terminal is connected to the positive supply. Q10: d) bulbs 1 and 2 only



Answers from page 98. Q11: We must first calculate the frequency of the light:







   



      



      Hz







We can now calculate the energy of the photon:



    



       J



The recombination energy of the 695 nm light is 2.86 x 10 -19 J.



Quiz 3 Light emitting diodes (page 98) Q12: c) Photons are released when electrons jump to a higher energy level. © H ERIOT-WATT U NIVERSITY
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Q13: c) They can be used in remote control systems. Q14: c) 3.3 x 10-19 J Q15: d) 2.3 x 10-19 J Q16: c) (i) and (ii) only
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7 Semiconductor devices Quiz 1 Photodiodes (page 106) Q1: c) It acts as a source of emf. Q2: d) (ii) and (iii) only Q3: e) (i) and (iii) only Q4: e) Car water temperature sensor Q5: d) 4 mA



Quiz 2 MOSFETs (page 111) Q6: c) Collector Q7: c) The conducting channel formed when a voltage is applied to the gate. Q8: a) (i) only Q9: b) The current through the MOSFET is controlled by attracting more charges to the channel. Q10: a) To electrically insulate the gate from the substrate.
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8 Nuclear reactions Quiz 1 - Atomic structure (page 118) Q1:



c) (i) and (ii) only



Q2:



b) The alpha particles would be stopped by air molecules.



Q3:



c) isotope



Q4:



e) (i) and (iii) only



Q5:



b)  Pb



Quiz 2 - Radioactive decay (page 122) Q6:



c) (i) and (ii) only



Q7:



b) A new element is always formed after radioactive decay.



Q8:



a) (i) only



Q9:



a) alpha particle



  Q10: b) 234 91 Pa   U   Th



Quiz 3 - Mass-energy equivalence (page 129) Q11: a) (i) only Q12: c) 3 Q13: c) 1.8 x 1015 J Q14: d) 2.916 10 -11J Q15: b) 2.070 10 -12J
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9 Dosimetry Quiz 1 Activity Calculations (page 135) Q1: c) 200 Bq Q2: e) 1 500 000 Q3: c) 3 Q4: a) 3 kBq Q5: a) the rate at which the radioactive nuclei are decaying.



Quiz 2 Absorbed dose (page 138) Q6: c) 0.20 Gy Q7: d) 25 Gy Q8: a) 40 J Q9: a) 2 J Q10: c) 800 g



Quiz 3 Equivalent dose (page 141) Q11: e) 1000 mSv Q12: c) 120 mSv Q13: d) 1.5 Gy of gamma rays Q14: d) 1000 mSv Q15: b) 2



Quiz 4 Equivalent dose rate (page 143) Q16: c) 4.0 mSv h-1 Q17: e) 50 mSv h-1 Q18: c) 10.0 Sv s-1 Q19: d) 1.7 mSv Q20: a) 0.05 Gy
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ANSWERS: TOPIC 10



10 Nuclear safety Quiz 1 Background radiation (page 151) Q1:



c) cosmic rays



Q2:



e) radon



Q3:



a) C14



Q4:



b) 2 mSv



Q5:



b) 6.01.0 cps



Absorption of gamma rays (page 154) The graph should have the same shape as that shown in the diagram below.



Half-value thickness (page 155) You should get an answer of approximately 12 cm for the half-value thickness of lead.



Quiz 2 Half-value thickness calculations (page 157) Q6:



d) 12.5 mSv h-1 © H ERIOT-WATT U NIVERSITY
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Q7: c) 8.0 cm Q8: d) 3 200 cps Q9: e) 5.0 cm of A and 20 cm of B Q10: b) 10 cm
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any wave transmits energy from the source of the waves to any other point ..... We can list interference along with refraction, reflection and diffraction as ...... Q2: The irradiance of light hitting a solar panel measuring 2 m x 5 m is found, on. 
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