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Prerequisite knowledge • Newton's laws of motion. • Gravitational forces and fields (Mechanics topic 6). Learning Objectives By the end of this topic, you should be able to: • calculate the electrostatic force between two or more point charges; • show an understanding of the concept of an electric field; • calculate the strength of the electric field due to one or more point charges.
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TOPIC 1. ELECTRIC FORCE AND FIELD



1.1



Introduction



In the Electrical Phenomena unit we will be studying electric, magnetic and electromagnetic fields. Basic to this work is an understanding of electric charge. Electric forces act on static and moving electric charges. We will be using the concepts of electric field and electric potential to describe electrostatic interactions. These are important concepts, and we will also be using fields to describe how magnetic forces act on moving charges in a later topic. In this topic we will look at the force that exists between two or more charged bodies, and then introduce the concept of an electric field.



1.2 !



Electric charge



#



Learning Objective



"



To introduce the coulomb and the fundamental charge



On an atomic scale, electrical charge is carried by protons (positive charge) and electrons (negative charge). The Fundamental unit of charge e is the magnitude of charge carried by one of these particles. The value of e is 1.60 × 10 -19 coulombs (C). A charge of one coulomb is therefore equal to the charge on 6.25 × 10 18 protons or electrons. It should be noted that one coulomb is an extremely large quantity of charge, and we are unlikely to encounter such a huge quantity of charge inside the laboratory. The sort of quantities of charge we are more likely to be dealing with are of the order of microcoulombs (1 µC = 10-6 C), nanocoulombs (1 nC = 10 -9 C) or picocoulombs (1 pC = 10-12 C).



1.3 !



Coulomb's law



$



#



Learning Objective



"



To use Coulomb's law to calculate electrostatic forces



Let us consider two charged particles. We will consider point charges; that is to say, we will neglect the size and shape of the two particles and treat them as two points with charges Q1 and Q2 separated by a distance r. Coulomb's law states that the force F between the two charges is proportional to the magnitude of each of the charges, and is inversely proportional to the square of their separation. That is to say ! F ∝ Q1 F ∝ Q2 F ∝ 1 r2 Combining these, the mathematical statement of Coulomb's law is Q1 Q2 4πε0 r 2 .......................................... F =



(1.1)
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The constant ε0 is called the permittivity of free space, and has a value of 1 , 8.85 × 10-12 C2 N-1 m-2 . So the constant of proportionality in Equation 1.1 is 4πε 0 9 2 -2 which has the value 8.99 × 10 N m C . This force is called the electrostatic or Coulomb force. It is important to remember that force is a vector quantity, and the direction of the Coulomb force depends on the sign of the two charges. You should already be familiar with the rule that ‘like charges repel, unlike charges attract.' Also, from Newton's third law of motion, we can see that each particle exerts a force of the same magnitude but the opposite direction on the other particle. Example Two point charges A and B are separated by a distance of 0.200 m. If the charge on A is +2.00 µC and the charge on B is -1.00 µC, calculate the force each charge exerts on the other. Figure 1.1: Coulomb force acting between the two particles



µ



µ



.......................................... The force acting on the particles is given by Coulomb's law: F = ∴F =



Q1 Q2 4πε0 r 2 " # 2.00 × 10−6 × −1.00 × 10−6



4π × 8.85 × 10−12 × (0.200)2 −2.00 × 10−12 ∴F = 4π × 8.85 × 10−12 × 0.04 −2.00 ∴F = 4π × 8.85 × 0.04 ∴ F = −0.450 N



The size of the force is 0.450 N. The minus sign indicates that we have two oppositely charged particles, and hence each charge exerts an attractive force on the other. ..........................................



1.3.1



Electrostatic and gravitational forces



The Coulomb's law equation looks very similar to the equation used to calculate the gravitational force between two particles (Newton's law of gravitation).



© H ERIOT-WATT U NIVERSITY



4



TOPIC 1. ELECTRIC FORCE AND FIELD



Q1 Q2 4πε0 r 2 Q1 Q2 F ∝ r2



F =



m1 m2 r2 m1 m2 F ∝ r2



F =G



In both cases, the size of the force follows an inverse square law dependence on the distance between the particles. One important difference between these forces is that the gravitational force is always attractive, whereas the direction of the Coulomb force depends on the charge carried by the two particles. Example An interesting question now arises in a situation where both Coulomb and gravitational forces are present - which of the forces is dominant? For example, in a hydrogen atom we have two charged particles of known mass, so both forces are present. Is it the Coulomb force or the gravitational force that keeps them together as a hydrogen atom? The proton and electron which make up a hydrogen atom have equal and opposite charges, e = 1.60 × 10-19 C. The mass of a proton m p = 1.67 × 10-27 kg and the mass of an electron me = 9.11 × 10-31 kg. The average separation between proton and electron r = 5.29 × 10-11 m. Coulomb Force Q1 Q2 F = 4πε0 r 2 " # 1.60 × 10−19 × −1.60 × 10−19 ∴F = 4πε0 × (5.29 × 10−11 )2 −2.56 × 10−38 ∴F = 4πε0 × 2.798 × 10−21 ∴ F = −8.23 × 10−8 N



Gravitational Force m1 m2 F =G 2 r 1.67 × 10−27 × 9.11 × 10−31 ∴F =G× (5.29 × 10−11 )2 1.521 × 10−57 ∴ F = 6.67 × 10−11 × 2.798 × 10−21 ∴ F = 3.63 × 10−47 N



Again, the minus sign in front of the Coulomb force just indicates that we have an attractive Coulomb force (oppositely charged particles). The gravitational force is also attractive, but by convention the negative sign in omitted. Our calculations show that for atomic hydrogen, the Coulomb force is greater than the gravitational force by a factor of 1039 ! So in this case the gravitational force is negligible compared to the electrostatic (Coulomb) force. ..........................................



1.3.2



Force between more than two point charges



So far we have used Coulomb's law to calculate the force due to two charged particles, and we find equal and opposite forces exerted on each particle. We will now consider what happens if another charged particle is introduced into the system. To calculate the force on a charged particle due to two (or more) other charged particles we perform a Coulomb's law calculation to work out each individual force. The total force acting on one particle is then the vector sum of all the forces acting on it. This makes use of the principle of superposition of forces, and holds for any number of charged particles.
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Example Earlier we looked at the problem of two particles A (+2.00 µC) and B (-1.00 µC) separated by 0.200 m. Let us now put a third particle X (+3.00 µC) at the midpoint of AB. What is the magnitude of the total force acting on X, and in what direction does it act? Figure 1.2: Separate forces acting on a charge placed between two charged particles



µ



µ



µ



.......................................... When solving a problem like this, you should always draw a sketch of all the charges, showing their signs and separations. In this case, Figure 1.2 shows the force that A exerts on X is repulsive, and the force that B exerts on X is attractive. Thus both forces act in the same direction. In calculating the size of the two forces we will ignore any minus signs. What we are looking for is just the magnitude of each force. The vector diagram we have drawn shows us the direction of the two forces. QA QX 4πε0 rAX 2 2.00 × 10−6 × 3.00 × 10−6 = 4π × 8.85 × 10−12 × 0.1002 6.00 × 10−12 = 4π × 8.85 × 10−12 × 0.01 6.00 = 4π × 8.85 × 0.01 = 5.40 N



FAX = ∴F ∴F ∴F ∴F



FBX =



QB QX 2 4πε0 rBX



1.00 × 10−6 × 3.00 × 10−6 4π × 8.85 × 10−12 × 0.1002 3.00 × 10−12 ∴F = 4π × 8.85 × 10−12 × 0.01 3.00 ∴F = 4π × 8.85 × 0.01 ∴ F = 2.70 N ∴F =



The vector sum of these two forces is 5.40 + 2.70 = 8.10 N. The direction of the force on X is towards B. The same technique of finding the vector sum would be used in the more general case where the charges were not placed in a straight line. ..........................................



Three charged particles in a line Two point charges are separated by 1.00 m. One of the charges (X) is +4.00 µC, the other (Y) is -6.00 µC. A third charge of +1.00 µC is placed between X and Y. Without performing a detailed calculation, sketch a graph to show how the force on the third charge varies as it is moved along the straight line from X to Y. © H ERIOT-WATT U NIVERSITY
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The total Coulomb force acting on a charged object is equal to the vector sum of the individual forces acting on it. ..........................................



Extra Help: Solving problems with more than 2 charges There is an online activity which will provide extra practice. ..........................................



Quiz 1 Coulomb force 20 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: Fundamental charge e Permittivity of free space ε0



1.60 × 10-19 C 8.85 × 10-12 C2 N-1 m-2



Q1: Two particles J and K, separated by a distance r, carry different positive charges, such that the charge on K is twice as large as the charge on J. If the electrostatic force exerted on J is F N, what is the magnitude of the force exerted on K? a) b) c) d) e)



4F N 2F N F N F/2 N F/4 N ..........................................



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



How many electrons are needed to carry a charge of -1 C? 1.60 × 10-19 8.85 × 10-12 1.00 6.25 × 1018 1.60 × 1019 ..........................................



Q3: A point charge of +5.0 µC sits at point A, 10 cm away from a -2.0 µC charge at point B. What is the Coulomb force acting on the charge placed at point A? a) b) c) d) e)



7.2 N away from B. 7.2 N towards B. 9.0 N away from B. 9.0 N towards B. 13.5 N away from B. © H ERIOT-WATT U NIVERSITY
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.......................................... Q4: A small sphere charged to -4.0 µC experiences an attractive force of 12.0 N due to a nearby point charge of +2.0 µC. What is the separation between the two charged objects? a) b) c) d) e)



7.7 cm 6.7 cm 1.0 cm 6.0 mm 4.5 mm ..........................................



Q5: Three point charges X, Y and Z lie on a straight line with Y in the middle, 5.0 cm from both of the other charges. If the values of the charges are X = +1.0 µC, Y = -2.0 µC and Z = +3.0 µC, what is the net force exerted on Y? a) b) c) d) e)



0.0 N 14.4 N towards Z 14.4 N towards X 28.8 N towards Z 28.8 N towards X ..........................................



1.4



Electric field



Earlier in this topic we noted the similarity between Coulomb's law and Newton's law of gravitation. In our work on gravitation we introduced the idea of a gravitational field, and defined the gravitational field strength as the force acting per unit mass placed in the field. Similarly we can define an electric field E in terms of the force F acting per unit positive charge q placed at a point in the field. F q .......................................... E=



(1.2)



The units of E are N C -1 . E is a vector quantity, and the direction of the vector, like the direction of the force F , is the direction of the force acting on a positive charge q. We can define the electric field strength as being the force acting on a unit positive charge (+1 C) placed in the field. This definition gives us not only the magnitude, but also the direction of the field vector. Rearranging Equation 1.2 as F = qE, we can see that this is of the same form as the relationship between gravitational field and force: F = mg. We can calculate the field at a distance r from a point charge Q using Equation 1.1 and Equation 1.2. Starting from Equation 1.1 F =
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Replacing Q1 by the charge Q and Q 2 by the unit positive charge q gives us F =



Qq 4πε0 r 2



Substituting for F = Eq (from Equation 1.2)



Qq 4πε0 r 2 Q ∴E= 4πε0 r 2 Eq =



(1.3) .......................................... Using this equation, we can calculate the field strength due to a point charge at any position in the field. Example The electric field strength 2.0 m away from a point charge is 5.0 N C -1 . Calculate the value of the charge. To find the charge Q, we need to rearrange Equation 1.3 Q 4πε0 r 2 ∴ Q = E × 4πε0 r 2 E=



Now we can insert the values of E and r given in the question Q = 5.0 × 4π × 8.85 × 10−12 × 2.02



∴ Q = 2.2 × 10−9 C



..........................................
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We can sketch the electrical field lines around the charge as shown in Figure 1.3, but remember that the sign of the charge determines the direction of the field vectors. Figure 1.3: Field lines around (a) an isolated positive charge; (b) an isolated negative charge



+



-



(a)



(b)



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



1.4.1



Electric field due to point charges



The electric field is another vector quantity. We can work out the total electric field due to more than one point charge by calculating the vector sum of the fields of each individual charge. Example Two point charges Q A and QB are placed at points A and B, where the distance AB = 0.50 m. QA = +2 µC. Calculate the total electric field strength at the midpoint of AB if 1. QB = +3 µC 2. QB = -3 µC. 1. When the two charges have the same sign, the fields at the midpoint of AB are in opposite directions, so the total field strength is given by the difference between them. As shown in Figure 1.4, since Q A and QB are both positive charges, a test charge placed between them will be repulsed by both. Figure 1.4: Electric fields due to two positive charges



X



µ



µ



.................................... © H ERIOT-WATT U NIVERSITY
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Total field E = EB − EA QB QA ∴E= − 4πε0 r 2 4πε0 r 2 QB − QA ∴E= 4πε0 r 2 " # " # 3.0 × 10−6 − 2.0 × 10−6 ∴E= 4πε0 (0.25)2 1.0 × 10−6 ∴E= 4πε0 × 0.0625 ∴ E = 1.4 × 105 N C−1 The total field strength is 1.4 × 10 5 N C-1 directed towards A. 2. Figure 1.5: Electric fields due to two opposite charges



X



µ



µ



.................................... When QB is a negative charge, the two field components at the midpoint are pointing in the same direction, as shown in Figure 1.5. The total field strength then becomes the sum of the two components. QA QB + 2 4πε0 r 4πε0 r 2 QA + QB = 4πε0 r 2 " # " # 2.0 × 10−6 + 3.0 × 10−6 = 4πε0 (0.25)2 5.0 × 10−6 = 4πε0 0.0625 = 7.2 × 105 N C−1



E= ∴E ∴E ∴E ∴E



The total field strength is 7.2 × 10 5 N C-1 directed towards B. As usual, making a quick sketch showing the charges and their signs helps avoid mistakes. ..........................................
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Electric fields At this stage there is an online activity. This simulation allows you to visualise the electric field around a point charge or a collection of charges.



20 min



The strength of an electric field depends on the number of charges, the sign and magnitude of each charge and their distribution. ..........................................



Quiz 2 Electric field First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: Fundamental charge e Permittivity of free space ε0



1.60 × 10-19 C 8.85 × 10-12 C2 N-1 m-2



Q6: At a distance x m from an isolated point charge, the electric field strength is E N C-1 . What is the strength of the electric field at a distance 2x m from the charge? a) b) c) d) e)



E/4 E/2 E 2E 4E ..........................................



Q7: A +2.50 nC charged sphere is placed in an electric field of strength 5.00 N C -1 . What is the magnitude of the force exerted on the sphere? a) b) c) d) e)



5.00 × 10-10 N 2.00 × 10-9 N 2.50 × 10-9 N 5.00 × 10-9 N 1.25 × 10-8 N
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.......................................... A 50.0 N C-1 electric field acts in the positive x-direction.



Q8:



What is the force on an electron placed in this field? a) b) c) d) e)



0.00 N 6.25 × 10-18 6.25 × 10-18 8.00 × 10-18 8.00 × 10-18



N in the -x-direction N in the +x-direction N in the -x-direction N in the +x-direction ..........................................



Q9: Two point charges, of magnitudes +30.0 nC and +50.0 nC, are separated by a distance of 2.00 m. What is the magnitude of the electric field strength at the midpoint between them? a) b) c) d) e)



1.35 × 10-5 N C-1 30.0 N C-1 45.0 N C-1 180 N C-1 720 N C-1 ..........................................



Q10: A +1.0 µC charge is placed at point X. A +4.0 µC charge is placed at point Y, 50 cm from X. How far from X, on the line XY, is the point where the electric field strength is zero? a) b) c) d) e)



10 cm 17 cm 25 cm 33 cm 40 cm ..........................................



1.5



Summary



In this Topic we have studied electrostatic forces and fields. An electrostatic (Coulomb) force exists between any two charged particles. The magnitude of the force is proportional to the product of the two charges, and inversely proportional to the square of the distance between them. The direction of the force acting on each of the particles is determined by the sign of the charges. If more than two charges are being considered, the total force acting on a particle is the vector sum of the individual forces. An electric field is a region in which a charged particle will be subject to the Coulomb force. The electric field strength is measured in N C -1 . The direction of the electric field vector at a point in a field is the direction in which a Coulomb force would act on a positive charge placed at that point. © H ERIOT-WATT U NIVERSITY



TOPIC 1. ELECTRIC FORCE AND FIELD



13



By the end of this topic you should be able to: • state and apply Coulomb's law for the electrostatic force between two point charges Q1 Q2 F = 4πε0 r 2 • describe how the concept of an electric field is used to explain the forces that stationary charged particles exert on each other; • state that the field strength at any point in an electric field is the force per unit positive charge placed at that point in the field, and is measured in units of N C-1 • state and apply the expression for calculating the electric field strength E at a distance r from a point charge Q E=



1.6



Q 4πε0 r 2



End of topic test



End of topic test At this stage there is an end of topic test available online. online activity. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: fundamental charge e permittivity of free space ε 0 rest mass of an electron m e rest mass of a proton m p acceleration due to gravity g



1.60 × 10-19 C



8.85 × 10-12 C 2 N-1 m-2 9.11 × 10-31 kg 1.67 × 10-27 kg 9.8 m s-2



Q11: How many electrons are required to charge a neutral body up to - 0.048 C? .......................................... Q12: Two identical particles, each carrying charge + 8.05 µC, are placed 0.415 m apart. Calculate the magnitude of the electrical force (in N) acting on each of the particles. .......................................... Q13: The Coulomb force between two point charges is 1.5 N. Calculate the new magnitude of the Coulomb force (in N) if the distance between the two charges is halved. .......................................... Q14: Three charged particles A, B and C are placed in a straight line, with AB = BC = 100 mm. The charges on each of the particles are A = - 8.9µC, B = - 2.2µC and C = + 4.1 µC. © H ERIOT-WATT U NIVERSITY
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What is the magnitude of the total force acting on B, in N? .......................................... Q15: Calculate the electric field strength, measured in N C a point charge of + 5.5 nC.



-1



, at a distance 3.4 m from



.......................................... Q16: Two charged particles, one with charge - 17 nC and the other with charge + 21 nC are placed 1.0 m apart. Calculate the electric field strength, in N C particles.



-1



, at the point midway between the two



.......................................... Q17: A small sphere of mass 0.075 kg, charged to 2.2 µ C, is suspended by a thread. If the thread is cut, the sphere will fall to the ground under gravity. Calculate the magnitude of the electric field (in N C hold the sphere in position when the string is cut.



-1



) acting vertically which would



.......................................... Q18: An electron is placed in an electric field of strength 0.033 N C -1 . Calculate the acceleration of the electron in m s -2 . ..........................................
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Prerequisite knowledge • The prerequisites for this topic is a knowledge of Electrical fields (Electrical phenomena Topic 1). Learning Objectives By the end of this topic you should be able to: • demonstrate an understanding of what is meant by electric potential, and relate electric potential to electric field strength; • describe the electric field and potential in and around a charged hollow conductor; • calculate the potential due to one or more point charges.
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2.1



Introduction



In this topic we will be considering the electric potential V . You should already have encountered V in several different contexts - the e.m.f. of a battery, the potential difference across a resistor, calculating the energy stored on a capacitor, and so on. From all these, you should be aware that the potential is a measure of work done or energy in a system. We will be investigating this idea more fully in this topic, and finding how the potential V relates to the electric field E. We will also be looking at the process of charging a body, and how the electric field varies in and around a charged body. Finally we will investigate the potential due to a point charge.



2.2 !



Potential and electric field



#



Learning Objective



"



To understand what is meant by electric potential



In the previous topic, we found similarities between the electric field and force, and the gravitational field and force. We can again draw on this similarity to describe the electric potential. The gravitational potential tells us how much work is done per unit mass in moving an object which has been placed in a gravitational field. The electric potential (or more simply the potential) tells us how much work is done in moving a unit positive charge placed in an electric field. The gravitational potential at a point in a gravitational field was defined as the work done in bringing unit mass from infinity to that point. Similarly, the electric potential V at a point in an electric field can be defined as the work done in bringing unit positive charge q from infinity to that point in the electric field. This gives us



work done q or work done = V × q V =



(2.1) .......................................... From this expression, we can define the unit of electric potential, the volt: one volt (1 V) = one joule per coulomb (1 J C -1 ) The potential difference V between two points A and B, separated by a distance d, is defined as the work done in moving one unit of positive charge from A to B. Let us consider the case of a uniform electric field E, such as that which exists between the plates of a large parallel-plate capacitor. We will assume A and B lie on the same electric field line. © H ERIOT-WATT U NIVERSITY
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Figure 2.1: The electric field between the plates of a charged capacitor. The field is uniform everywhere between the plates except near the edges



.......................................... We can use the definition of work done = force × distance along with Equation 2.1 to find the work done in moving a unit positive charge from A to B. Remember that the electric field strength is defined as the force acting per unit charge W ork done = f orce × distance ∴ V × q = (E × q) × d



(2.2)



∴V =E×d .......................................... This equation is only valid in the special case of a uniform electric field, where the value of E is constant across the entire distance d. Example The potential difference between the two plates of a charged parallel-plate capacitor is 12 V. What is the electric field strength between the plates if their separation is 200 µm? Rearranging Equation 2.2 gives us E=



V d



12 200 × 10−6 ∴ E = 6.0 × 104 N C−1 ∴E=



.......................................... Looking at the rearranged Equation 2.2, the electric field strength is given as a potential difference divided by a distance. This means that we can express E in the units V m-1 , which are equivalent to N C -1 . Thus the electric field E measures the potential gradient. In the case where E is not uniform, we can express E as dV dx .......................................... E=−



(2.3)



There is one final point we should note about potential difference. Looking back to Figure 2.1, we moved a unit charge directly from A to B by the shortest possible route. © H ERIOT-WATT U NIVERSITY
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The law of conservation of energy tells us that the work done in moving from A to B is independent of the route taken. Figure 2.2: Different routes from A to B



.......................................... Irrespective of the route taken, the start and finish points are the same in Figure 2.2. If the potential difference is V between A and B, the same amount of work must be done in moving a unit of charge from A to B, whatever path is taken. This is because the electric field is a conservative field.



2.3 !



Charging by induction



#



Learning Objective



"



To understand how an isolated conductor can be charged by induction



A common way to give a permanent electric charge to a piece of an insulating material is simply by rubbing it. For example, if you hold a plastic ruler and rub it with a piece of cloth or fur, the ruler becomes charged. What if a metal ruler is used instead? We find that the metal ruler does not appear to become charged. In fact, although the ruler does become charged, it is made from a conducting material so the charge on it runs to earth via the person holding it. To permanently charge a conductor, we need to isolate it from earth. This can be done by using an insulator to hold it or stand it on. An isolated conductor can be given a permanent charge without needing contact with another charged body. The process is called charging by induction, and is illustrated in Figure 2.3.
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Figure 2.3: Charging by induction
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.......................................... A charged body, such as a rod of an insulating material rubbed with a cloth, is brought near to a metal sphere. The sphere is mounted on an insulating rod so that it is isolated from any other conductor. (a) The presence of the negatively-charged body separates positive and negative charges in the sphere, with the free negative charges being repelled and leaving the positive charges without negative partners. (b) If the sphere is now earthed on the negatively-charged side, negative charges leave the sphere whilst the positive charges remain, attracted to the negatively-charged body nearby. (c) When the earth wire is removed, there is a net positive charge remaining on the sphere. (d) When subsequently the charged rod is removed, the charge on the sphere redistributes itself across the surface of the sphere due to the mutual repulsion of all the positive charges. (The actual process is a redistribution of the remaining negative charges, to cause an even distribution of the excess positive charges.) Of course, the process works in a similar way if we charge the sphere using an insulator carrying a positive charge. Negative charges in the sphere are attracted to the charged insulator, leaving positive charges on the opposite side of the sphere.



Quiz 1 Electric potential and charging by induction First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials.
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Useful data: Fundamental charge e Permittivity of free space ε0



1.60 × 10-19 C 8.85 × 10-12 C2 N-1 m-2



Q1: The uniform electric field between two plates of a charged parallel-plate capacitor is 4000 N C-1 . If the separation of the plates is 2.00 mm, what is the potential difference between the plates? a) b) c) d) e)



500 mV 2.00 V 8.00 V 2000 V 8000 V ..........................................



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



Which of the following corresponds to the units of electric field? J C-1 N m-1 J V-1 V m-1 N V-1 ..........................................



Q3:



A particle carrying charge + 20 mC is moved through a potential difference of



12 V. How much work is done on the particle? a) b) c) d) e)



0.24 J 0.60 J 1.67 J 240 J 600 J ..........................................



Q4: If 4.0 J of work are done in moving a 500 µC charge from point M to point N, what is the potential difference between M and N? a) b) c) d) e)



2.0 × 10-5 V 0.80 V 12.5 V 2000 V 8000 V ..........................................



Q5:



Which one of the following statements is true?



a) A conductor charged by induction always carries a positive charge.
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b) When charging a conductor by induction, the conductor must be insulated from earth. c) The charge on a conductor remains concentrated at one point. d) Only conductors can carry a static charge. e) One example of charging by induction is rubbing a piece of an insulator with a cloth. ..........................................



2.4 !



Conductors and electric fields



#



Learning Objective



"



To describe the electric field in and around an isolated charged conductor



Having given a conductor a charge by induction, we can now study the electric field in the region of the charged conductor. The first point to note is that the charge resides on the surface of the conductor. The electrostatic repulsion between all the individual charges means that, in equilibrium, all the excess charge (positive or negative) rests on the surface. The interior of the conductor is neutral. The distribution of charges across the surface means that the electric field is zero at any point within a conducting material. The same is true of a hollow conductor. Inside the conductor, the field is zero at every point. If we were to place a test charge somewhere inside a hollow charged sphere, there would be no net force acting on it. This fact was first demonstrated by Faraday in his ‘ice pail' experiment, and has important applications today in electrostatic screening. If we plot !the electric field inside and outside a hollow conducting sphere, we find it follows a 1 r 2 dependence outside, but is equal to zero inside, as shown in Figure 2.4. Figure 2.4: Electric field in and around a charged hollow conductor



∝ =0 .......................................... The fact that there is zero net electric field inside a hollow charged conductor means that we can use a hollow conductor as a shield from electric fields. This is another effect that © H ERIOT-WATT U NIVERSITY
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was first demonstrated by Faraday, who constructed a metallic ‘cage' which he sat inside holding a sensitive electroscope. As the cage was charged up, there was no deflection of the electroscope, indicating there was no net electric field present inside the cage. This electrostatic screening is used to protect sensitive electronic circuitry inside equipment such as computers and televisions. By enclosing these parts in a metal box they are shielded from stray electric fields from other appliances (vacuum cleaners etc). This principle is illustrated in Figure 2.5. Figure 2.5: Electrostatic screening inside a hollow conductor placed in an electric field



.......................................... The electric field lines are perpendicular to the surface of the conductor. Induced charge lies on the surface of the sphere, and the net field inside the sphere is zero. Electrostatic screening also means that the safest place to be when caught in a lightning storm is inside a (metal) car. If the car were to be struck by lightning, the charge would stay on the outside, leaving the occupants safe.



Faraday's ice pail experiment At this stage there is an online activity. 20 min



In this experiment, Faraday used a metal ice pail connected to an electroscope to demonstrate that charge resides on the outside of a conductor. The electric field inside a charged hollow conductor is zero. ..........................................
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Potential due to point charges



Learning Objective



"



To derive and use an expression for the potential around an isolated point charge



This section covers: • Calculating the potential due to one or more charges • Potential around a hollow conductor



2.5.1



Calculating the potential due to one or more charges



Let us consider a positive point charge Q, and the potential at a distance r from the charge. Recall Equation 2.3 from earlier, and using r to represent distance: E=−



dV dr



We also know that the electric field E at a distance r from a point charge Q is given by E=



Q 4πε0 r 2



Combining these, we obtain −



dV Q = dr 4πε0 r 2



We can integrate this expression to enable us to determine the potential V at a distance r from the point charge. Remembering that the potential due to a point charge is zero at an infinite distance from the charge, the limits for the integration will be (V = 0, x = ∞) and (V = V , x = r)



− ∴−



$



V



dV = 0



$



V



dV =



0



∴ − [V ]V0 = ∴ −V = ∴V =



$



r



Q dr 2 4πε 0r ∞ $ r Q 1 dr 4πε0 ∞ r 2 % &r Q −1 4πε0 r ∞ ' ( Q −1 +0 4πε0 r Q 4πε0 r



We need to be careful with the sign of the potential. In moving a positive charge from infinity to r, the charge will have gained potential energy, as work has to be done on the charge against the electric field. So if we have defined the potential to be zero at infinity, © H ERIOT-WATT U NIVERSITY
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the potential V must be positive for all r less than infinity. Thus the potential at r is given by Q 4πε0 r .......................................... V =



(2.4)



Note the difference here between electric and gravitational potential. In both cases, we define zero potential at r = ∞. The difference is that in moving unit mass from infinity in a gravitational field, the field does work on the mass, making the potential less than at infinity, and hence a negative number. In moving a unit positive charge, we must do work against the E-field, so the potential increases, and hence is a positive number. Unlike the electric field, the electric potential around a point charge decays as 1/r, ! not 1 r 2 . The potential is a scalar quantity, not a vector quantity, although its sign is determined by the sign of the charge Q. The field strength and potential around a positive point charge are plotted in Figure 2.6 Figure 2.6: Plots of field strength and potential with increasing distance from a point charge



∝ ∝



.......................................... Example At a distance 40 cm from a positive point charge, the electric field is 200 N C -1 and the potential is 24 V. What are the electric field strength and electric potential 20 cm from the charge? ! The electric field strength E varies as 1 r 2 , so if the distance from the charge is halved, the field strength increases by 22 . That is to say Er ∝



1 r2 © H ERIOT-WATT U NIVERSITY
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So if we replace r by r/2 in the above equation Er/2 ∝



1 4 2 = r2 (r/2)



So 4! 2 Er/2 = !r = 4 1 2 Er r



E therefore increases by a factor of four, and the new value of E is 4 × 200 = 800 N C -1 .



V is proportional to 1/r, so if r is halved, V will double. Hence the new value of V is 48 V. .......................................... When more than one charged particle is present, we can calculate the total potential at a point by adding the individual potentials. This is similar to the way in which we worked out the total Coulomb force and the total electric field. Once again, care must be taken with the signs of the different charges present. Example What is the net electric potential at the point midway between two point charges of +2.00 µC and -5.00 µC, if the two charges are 2.00 m apart? Figure 2.7: Two charged objects 2.00 m apart



µ



µ



.......................................... As usual, a sketch such as Figure 2.7 helps in solving the problem. The potential due to the positive charge on the left is Q1 4πε0 r1 2.00 × 10−6 ∴ V1 = 4πε0 × 1.00 ∴ V1 = 1.80 × 104 V V1 =
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The potential due to the negative charge on the right is Q2 4πε0 r2 −5.00 × 10−6 ∴ V2 = 4πε0 × 1.00 ∴ V2 = −4.50 × 104 V V2 =



Combining these, the total potential at the mid-point is V = V1 + V2 " # " # ∴ V = 1.80 × 104 − 4.50 × 104



∴ V = −2.70 × 104 V



.......................................... We can plot the equipotential lines (the lines connecting points of the same potential) around a point charge, as in Figure 2.8. Figure 2.8: Equipotentials (solid lines) around a point charge. Dashed lines show the electric field lines



+



.......................................... The equipotentials form a set of concentric spheres around the charge (shown in 2 dimensions by the circles in Figure 2.8). Note that the equipotentials cut the electric field lines at right angles. There is no work done in moving a charged particle at constant speed along an equipotential.



Plotting equipotentials At this stage there is an online activity. 20 min



This activity uses the same simulation we used in the previous topic to plot field lines. This time you can plot the equipotentials around a single charge or a collection of charges © H ERIOT-WATT U NIVERSITY



TOPIC 2. ELECTRIC POTENTIAL



27



We can plot equipotentials around any charge or collection of charges. equipotentials are always perpendicular to the electric field lines.



The



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



2.5.2



Potential around a hollow conductor



In Figure 2.4 we plotted !the electric field in and around a hollow conductor. We found that the field followed a 1 r 2 dependence outside the conductor, but was equal to zero on the inside. What happens to the potential V inside a hollow conducting shape? The example shown in Figure 2.9 is a hollow sphere. The definition of potential at any point is the work done in moving unit charge from infinity to that point. So outside the sphere, the potential follows the 1/r dependence we have just derived. Inside the sphere, the total field is zero, so there is no additional work done in moving charge about inside the sphere. The potential is therefore constant inside the sphere, and has the same value as at the edge of the sphere. Figure 2.9: Electric potential in and around a hollow conducting sphere



∝



.......................................... Outside the sphere, equipotentials form concentric spheres, just as they would around a point charge. Inside the sphere, the whole volume is an equipotential, as no work would be done in moving a charge around inside the sphere. This would be true for any hollow conductor, whatever its shape.



Quiz 2 Electric field and potential First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials.
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Useful data: Fundamental charge e Permittivity of free space ε0



1.60 × 10-19 C 8.85 × 10-12 C2 N-1 m-2



Q6: The electric field strength measured just outside a hollow conducting sphere of radius 10 cm is 500 N C-1 . What is the electric field strength inside the sphere, 5.0 cm from its centre? a) b) c) d) e)



0.0 N C-1 250 N C-1 500 N C-1 1000 N C-1 2000 N C-1 ..........................................



Q7:



A small metal sphere, radius 20 mm, carries a charge of +4.0 µC.



What is the potential at a point 250 mm from the centre of the sphere? a) b) c) d) e)



0.58 V 2.3 V 1.4 × 105 V 5.8 × 105 V 1.8 × 106 V ..........................................



Q8: At a point 20 cm from a charged object, the ratio of electric field strength to electric potential (E/V ) equals 100 m -1 . What is the value of E/V 40 cm from the charge? a) b) c) d) e)



25 m-1 50 m-1 100 m-1 200 m-1 400 m-1 ..........................................



Q9:



Which one of the following statements is true?



a) The potential inside a hollow conducting sphere is zero. b) Electric potential around a point charge is inversely proportional to the square of the distance from the charge. c) Equipotential lines lie parallel to electric field lines. d) Electric potential and electric field strength can both be measured in J C -1 . e) The work done in moving a charged particle between two points in an electric field does not depend on the path taken. .......................................... © H ERIOT-WATT U NIVERSITY
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Q10: A -2.0 mC charge is moved at uniform speed 50 mm along an equipotential in an electric field of strength 450 N C-1 . How much work is done on the charge? a) b) c) d) e)



0.0 J 2.5 J 9.0 J 10 J 450 J ..........................................



2.6



Summary



We have defined electric potential, and considered what we mean by the potential around a charged body and the potential difference between two points. We have also shown how electric field and electric potential are related. Charging by induction has been introduced, and the field and potential in and around a conductor in an electric field have been discussed. By the end of this topic, you should be able to: • state that the electric potential V at a point is the work done by external forces in moving a unit positive charge from infinity to that point; • derive and apply the expression V d for a uniform electric field, and state that electric field strength is equivalent to potential gradient; E=



• describe how a conductor can be given an electric charge by induction; • explain the distribution of charge and the pattern of the electric field lines when a hollow conductor is placed in an electric field; • state and apply the equation V =



Q 4πε0 r



for the potential V at a distance r from a point charge Q; • describe the charge distribution, electric field strength and electric potential in and around a charged hollow conductor; • demonstrate an understanding of what an equipotential is, and why no work is done in moving a charge along an equipotential.
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2.7



End of topic test



End of topic test 30 min



At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: fundamental charge e permittivity of free space ε 0 rest mass of an electron m e rest mass of a proton m p acceleration due to gravity g



1.60 × 10-19 C



8.85 × 10-12 C 2 N-1 m-2 9.11 × 10-31 kg 1.67 × 10-27 kg 9.8 m s-2



Q11: 2.7 mJ of work are done in moving a 4.9 µC charge from point A to point B. Calculate the potential difference in V between A and B. .......................................... Q12: A 9.3 mC charged particle is moved at constant speed through a potential difference of 4.7 V. Calculate how much work (in J) is done on the particle. .......................................... Q13: The potential difference between points M and N is 55 V, and the uniform electric field between them is 3400 N C -1 . Calculate the distance between M and N, in m. .......................................... Q14: A charged particle is moved along a direct straight path from point C to point D, 12 mm away in a uniform electric field. 32 J of work are done on the particle in moving it along this path. How much work (in J) must be done in order to move the particle from C to D along an indirect, curved path of distance 24 mm? .......................................... Q15: Calculate the electric potential in V at a distance 0.67 m from a point charge of 30 µC. .......................................... Q16: Two point charges, one of + 1.5 nC and the other of + 3.9 nC are placed 2 m apart. Calculate the electric potential in V at the point midway between the two charges. .......................................... Q17: A + 3.55 µC charge X is placed 2.50 m from a - 2.67 µC charge Y. Calculate the electric potential in V at the point 1.00 m from X, on the line joining X and Y. © H ERIOT-WATT U NIVERSITY
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.......................................... Q18: At a certain distance from a point charge, the electric field strength E is 3100 N C -1 and the electric potential V is 7000 V. 1. Calculate the distance in m from the charge at which E and V are being measured. 2. Calculate the magnitude of the charge, in C. ..........................................
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Prerequisite knowledge • Coulomb's law (Electrical phenomena topic 1). • Electric potential and the volt (Electrical phenomena topic 2). • Kinematic relationships (Mechanics topic 1). • Relativistic mass (Mechanics topic 2). • Newton's laws of motion. Learning Objectives By the end of this topic you should be able to: • describe and perform calculations on the motion of a charged particle in a uniform electric field; • describe some applications and examples of charges moving in an electric field.
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3.1



Introduction



In this topic we will study the motion of charged particles in an electric field, drawing upon some of the concepts of the previous two topics. As we progress through this topic, we will also come across some other concepts you should have met before: the relativistic energy of a particle moving at very high speed, Newton's second law of motion and Rutherford scattering of α-particles. You may find it useful to refresh your memory of these subjects before starting this Topic. As well as studying the theory, we will also be looking at some of the practical applications of applying electric fields to moving charged particles, such as the cathode ray tubes found in oscilloscopes. We will also see how the fundamental unit of charge was first accurately measured.



3.2 !



Energy transformation associated with movement of charge



#



Learning Objective To describe the energy transformation taking place when a charge is accelerated by an E-field



"



We have already defined one volt as being equivalent to one joule per coulomb. That is to say, if a charged particle moves through a potential difference of 1 V, it will gain or lose 1 J of energy per coulomb of its charge. Put succinctly, the energy U gained by a particle of charge q being accelerated through a potential V is given by (3.1)



U = qV ..........................................



A charged particle placed in an electric field will be acted on by the Coulomb force. If it is free to move, the force will accelerate the particle, hence it will gain kinetic energy. So we can state, using Equation 3.1, that the gain in kinetic energy is 2 1 2 mv



(3.2)



= qV



.......................................... Hence we can calculate the velocity gained by a charged particle accelerated by a potential. Note that this is the velocity gained in the direction of the electric field vector. You should remember from the previous Topic that the electric field points from high to low potential.
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Example An electron is accelerated from rest through a potential of 50 V. What is its final velocity? In this case, Equation 3.2 becomes 2 1 2 me v



= eV



Rearranging this equation



v=



)



2eV me



Now we use the values of e = 1.60 × 10 -19 C and me = 9.11 × 10-31 kg in this equation )



2 × 1.60 × 10−19 × 50 9.11 × 10−31 ∴ v = 4.19 × 106 m s−1 v=



.......................................... In general, we can state that for a particle of charge q and mass m, accelerated from rest through a potential V , its final velocity will be ) 2qV (3.3) v= m .......................................... An electron accelerated from rest can attain an extremely high velocity from acceleration through a modest electric potential. It should be noted that as the velocity of the electron increases, or the accelerating potential is increased, relativistic effects will become significant. Broadly speaking, once a charged particle is moving with a velocity greater than 10% of the speed of light (c = 3.00 × 10 8 m s-1 ) then relativistic effects cannot be neglected. As an example, let us consider an electron accelerated in a particle accelerator from rest to a velocity of 0.90 c. The rest energy of any particle is given by E0 = mc2 . So for an electron E0 = me c2 ∴ E0 = 9.11 × 10−31 × (3.00 × 108 )2 ∴ E0 = 8.20 × 10−14 J



The total energy of the electron at velocity v is given by Etot = *
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Here, v = 0.90 c, so the total energy is



Etot



" #2 9.11 × 10−31 × 3.00 × 108 ) = 8 )2 1 − (0.90×3.00×10 2 8 (3.00×10 ) 8.20 × 10−14 0.436 =1.88 × 10−13 J



∴ Etot = ∴ Etot



The kinetic energy is the difference between the total energy and the rest energy, that is to say, Eke = Etot − E0 " # " # Eke = 1.88 × 10−13 − 8.20 × 10−14



∴ Eke =1.06 × 10−13 J



If we had used the non-relativistic relationship E ke = 12 mv 2 , then the kinetic energy at this speed would appear to be 3.32 × 10 -14 J, a factor of 3 less than the true value.



Quiz 1 Acceleration and energy change 20 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials . Useful data: fundamental charge e rest mass of an electron me



1.60 × 10-19 C



9.11 × 10-31 kg



3.00 × 108 m s-1



speed of light c mass of an α-particle charge of an α-particle



6.65 × 10-27 kg



+3.20 × 10-19 C



Q1: A free electron is accelerated towards a fixed positive charge. Which one of the following statements is true? a) b) c) d) e)



The electron gains kinetic energy. The electron loses kinetic energy. The electron moves along an equipotential. The electron's velocity is constant. A repulsive force acts on the electron. ..........................................



Q2: A -3.0 µC charge is accelerated through a potential of 40 V. How much energy does it gain? a) 7.5 × 10-8 J © H ERIOT-WATT U NIVERSITY



TOPIC 3. MOTION IN AN ELECTRIC FIELD



b) c) d) e)
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1.2 × 10-4 J 0.075 J 13 J 120 J ..........................................



Q3: An α-particle is accelerated from rest through a potential of 1.00 kV. What is its final velocity? a) b) c) d) e)



9.80 × 103 m s-1 2.19 × 105 m s-1 3.10 × 105 m s-1 3.00 × 108 m s-1 9.62 × 1010 m s-1 ..........................................



Q4: An electron is accelerated to a velocity of 0.8c. What is the total energy of the electron? a) b) c) d) e)



2.62 × 10-14 5.25 × 10-14 5.50 × 10-14 8.20 × 10-14 1.37 × 10-13



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



Q5: Using the answer from the previous question, find the kinetic energy of the electron. a) b) c) d) e)



2.62 × 10-14 5.25 × 10-14 5.50 × 10-14 8.20 × 10-14 1.37 × 10-13



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



3.3 !



Motion of charged particles in uniform electric fields



Learning Objective



"



To describe and perform calculations on the motion of a charged particle in an E-field



If a charged particle is placed in an electric field, we know that the force acting on it will be equal to qE, where q is the charge on the particle and E is the magnitude of the electric field. If this is the only force acting on the particle, and the particle is free to move, then Newton's second law of motion tells us that it will be accelerated. If the particle has mass m, then © H ERIOT-WATT U NIVERSITY
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F =ma ∴ qE =ma qE ∴a= m ..........................................



(3.4)



Equation 3.4 tells us the magnitude of the particle's acceleration in the direction of the electric field. We must be careful with the direction of the acceleration. The E-field is defined as positive in the direction of the force acting on a positive charge. An electron will be accelerated in the opposite direction to the E-field vector, whilst a positivelycharged particle will be accelerated in the same direction as the E-field vector. Let us consider what happens when an electron enters a uniform electric field at right angles to the field, as shown in Figure 3.1. Figure 3.1: An electron travelling through an electric field



.......................................... Note that the motion of the electron is similar to that of a body projected horizontally in the Earth's gravitational field. At right angles (orthogonal) to the field, there is no force acting and the electron moves with a uniform velocity in this direction. Parallel to the field, a constant force (F = qE, analogous to F = mg) acts causing a uniform acceleration parallel to the field lines. This means that we can solve problems involving charged © H ERIOT-WATT U NIVERSITY
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particles moving in electric fields in the same way that we solved two-dimensional trajectory problems, splitting the motion into orthogonal components and applying the kinematic relationships of motion with uniform acceleration. Example Two horizontal plates are charged such that a uniform electric field of strength E = 200 N C-1 exists between them, acting upwards. An electron travelling horizontally enters the field with speed 4.00 × 10 6 m s-1 , as shown in Figure 3.2. 1. Calculate the acceleration of the electron. 2. How far (vertically) is the electron deflected from its original path when it emerges from the plates, given the length l = 0.100 m? Figure 3.2: An electron travelling in an electric field



.......................................... 1. Considering the vertical motion, we use Equation 3.4 to calculate the downward acceleration qE a= m eE ∴a= me 1.60 × 10−19 × 200 ∴a= 9.11 × 10−31 ∴ a =3.51 × 1013 m s−2 Note that this acceleration is many orders of magnitude greater than the acceleration due to gravity acting on the electron. We will be able to ignore the effects of gravity in all the problems we encounter concerning the motion of charged particles in electric fields since the effects of the E-fields will always be far greater.
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2. To calculate the deflection y, we first need to calculate the time-of-flight of the electron between the plates, which we do by considering the horizontal motion of the electron. Since this is unaffected by the E-field, the horizontal component of the velocity is unchanged and we can use the simple relationship t=



l vh



0.100 4.00 × 106 ∴ t =2.50 × 10−8 s ∴t=



Now, considering the vertical component of the motion, we know u v = 0 m s-1 , t = 2.50 × 10-8 s and a = 3.51 × 10 13 m s-2 . The displacement y is the unknown, so we will use the kinematic relationship s = ut + 12 at2 In this case y = uv t + 12 at2 ∴ y =0 +



+



1 2



" #2 , × 3.51 × 1013 × 2.50 × 10−8



∴ y =0.0110 m



Note that we would normally measure the potential difference across the plates. If the plates are separated by a distance d, then the electric field E = V /d ..........................................



Quiz 2 Charged particles moving in electric fields 20 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: fundamental charge e rest mass of an electron me speed of light c mass of an α-particle charge of an α-particle



Q6:



1.60 × 10-19 C



9.11 × 10-31 kg



3.00 × 108 m s-1 6.65 × 10-27 kg



+3.20 × 10-19 C



An electron enters a region where the electric field strength is 2500 N C -1 .



What is the force acting on the electron? a) b) c) d)



6.40 × 10-23 N 1.60 × 10-19 N 4.00 × 10-16 N 2500 N © H ERIOT-WATT U NIVERSITY
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e) 1.56 × 1019 N .......................................... Q7: An electron is placed in a uniform electric field of strength 4.00 × 10 3 N C-1 .



What is the acceleration of the electron? a) b) c) d) e)



4.00 × 10-23 m s-2 1.42 × 10-15 m s-2 4.00 × 103 m s-2 7.03 × 1014 m s-2 2.50 × 1022 m s-2 ..........................................



Q8: A positively-charged ion placed in a uniform electric field will be a) b) c) d) e)



accelerated in the direction of the electric field. accelerated in the opposite direction to the electric field. moving in a circular path. moving with constant velocity. stationary. ..........................................



Q9: An α-particle enters a uniform electric field of strength 50.0 N C -1 , acting vertically downwards. What is the acceleration of the particle? a) b) c) d) e)



1.20 × 109 m s-2 downwards 1.20 × 109 m s-2 upwards 2.41 × 109 m s-2 downwards 2.41 × 109 m s-2 upwards 8.78 × 1012 m s-2 downwards ..........................................



Q10: An electron moving horizontally at 1800 m s -1 enters a vertical electric field of field strength 1000 N C -1 . The electron takes 2.00 × 10 -8 s to cross the field. With what vertical component of velocity does it emerge from the field? a) b) c) d) e)



0.00 m s-1 3.51 × 10-2 m s-1 1.80 × 103 m s-1 3.51 × 106 m s-1 7.04 × 106 m s-1 ..........................................
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3.4 !



Applications of charged particles and electric fields



Learning Objective



"



To describe some practical situations involving charged particles in electric fields



We have discussed how electrons can be accelerated and deflected in an electric field. We now look at some practical applications of these effects.



3.4.1



Cathode ray tube



The cathode ray tube is a device which is used to provide the display in television screens, computer VDUs and oscilloscopes. We will firstly look at how electrons are generated and accelerated in a basic cathode ray tube (Figure 3.3), and then see how electric fields are used to control the beam of electrons in the cathode ray tube of an oscilloscope. Figure 3.3: Cathode ray tube



-



+



.......................................... The tube is made of glass and is evacuated to low pressure. Electrons are produced by thermionic emission from the metal cathode. Heating a conductor raises the thermal energy of the conduction electrons, allowing them to escape from the fixed positive ions. Once free, these electrons are accelerated by the anode, which is at a potential of 1 - 20 kV higher than the cathode. The anode is in the shape of a hollow cylinder, allowing electrons to pass through. The region of the glass beyond the anode is coated with graphite and held at the same potential as the anode. This region of the tube is therefore an equipotential, so the electrons travel at constant velocity until they collide with the end of the tube. This part of the tube forms the screen in a television or oscilloscope tube, and is coated with a phosphor so that it glows when struck by an electron.



3.4.2



Cathode ray oscilloscope



You may well have used a cathode-ray oscilloscope (CRO) before, or seen one in action. The CRO is an instrument for plotting one physical quantity against another, in which these physical quantities are represented by voltages. At the heart of this device is a cathode ray tube that produces a beam of electrons. The beam can be deflected by x and y electric fields to make it move across and up and down the screen. A typical oscilloscope tube is shown in Figure 3.4.
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Figure 3.4: A cathode ray oscilloscope tube



.......................................... Electrons are produced by thermionic emission from the cathode in the evacuated glass tube. The accelerating anodes are the cylinders A1 and A2, which are shaped to focus the electron beam on the screen. The y-plates are connected to the input voltage, the quantity which is being measured. The y (vertical) displacement of the spot on the screen is therefore directly proportional to the magnitude of input voltage. The x-plates are connected to the time base. The time base circuit applies a voltage across the x-plates that ramps smoothly from zero to a fixed value, then drops to zero and ramps up again - a ‘sawtooth' function. The effect of this is to move the spot steadily from left to right across the screen, then ‘fly back' to its starting point. The x-voltage plotted as a function of time is shown in Figure 3.5. Figure 3.5: Sawtooth voltage



.......................................... The grid in front of the cathode acts as a brightness control. By making the voltage on the grid a larger (negative) voltage, fewer electrons are transmitted through it and hence the spot produced on the screen is dimmer. Making the voltage less negative allows more electrons through, leading to a brighter spot. The graphite lining on the glass walls is held at the same voltage as A2. This means that the region between A2 and the screen is an equipotential, and the speed of the electrons is constant in this region.



Cathode ray oscilloscope At this stage there is an online activity. This simulation shows an oscilloscope connected to a signal generator. The signal generator is supplying a sinusoidal voltage, with an amplitude that can be varied. © H ERIOT-WATT U NIVERSITY
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You should understand the function of the different controls on a standard cathode ray oscilloscope. ..........................................



3.4.3



Inkjet printer



An inkjet printer makes use of the fact that charged objects travelling in a straight line can be deflected by an electric field. Figure 3.6 shows a schematic diagram of the printer. Figure 3.6: Schematic representation of an inkjet printer



.......................................... Ink is pumped through a fine nozzle, forming a stream of tiny droplets. The nozzle (and hence the ink jet) scans across the paper. The droplets pass through a charging electrode. When the nozzle is aligned with a region of the paper which is to be printed on, the charging electrode potential is switched off, and the droplets do not acquire a charge. When the nozzle is opposite a region which is not to be printed on, the charging electrode potential is switched on, giving the droplets a small net charge. After the charging electrode, the droplets pass through an electric field between a pair of deflection plates. The uncharged droplets are not deflected by the field, and pass straight through to the paper. The charged droplets are deflected downwards by the field, and are collected in the run-off gutter.



3.4.4



Laser printer



A laser printer makes use of the properties of charged conductors and insulators to produce a printed image. The component of the printer which becomes charged is an aluminium cylinder coated with selenium. Whilst aluminium is a good conductor of electricity, selenium is a photoconductor. That is to say, selenium is an insulator in the dark, but conducts electricity when light shines upon it. The cylinder is housed in the © H ERIOT-WATT U NIVERSITY
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dark, so it has an insulating layer upon a hollow conductor. The cylinder, which is rotating, is given a positive charge, evenly distributed across its surface. Since it is an insulator, the charge remains on the selenium surface. As the cylinder rotates, a scanning laser beam ‘writes' an image on the selenium surface.The laser is switched on and off by the computer. When it is switched on, the laser beam makes the selenium conduct. When this happens, electrons from the aluminium are attracted towards the positive charge, making an electrically neutral region. When the laser is switched off, the selenium remains an insulator, and that region retains its positive charge. Thus the laser writes a positive-charge image on the cylinder. The next stage of the process is to introduce the toner. This is a dry black powder which is given a negative charge. The toner will stick to the parts of the cylinder which are still positively charged, but not to the neutral regions, so the cylinder now has an image stored in toner on its surface. A sheet of paper is now pressed under the rotating cylinder. To make sure the toner is transferred, the sheet is given a greater positive charge than the cylinder. The greater Coulomb force means the toner is attracted to the paper, and so a toner image is formed on the sheet. Finally the sheet passes through a pair of heated rollers to melt the toner into the paper.



3.4.5



Rutherford scattering



In this famous experiment, first carried out by Rutherford and his students Geiger and Marsden in 1909, a stream of alpha particles is fired at a thin sheet of gold foil. Rutherford found that although most particles travelled straight through the foil, a few were deflected, sometimes through large angles, as shown in Figure 3.7(a). Some were even deflected straight back in the direction they had come from. From this experiment, Rutherford concluded that atoms were mostly empty space, with a dense positivelycharged nucleus at the centre. The scattering of α-particles was due to collisions with these nuclei. We can now look a little closer at what happens in these ‘collisions.' We can see in Figure 3.7(b) that the α-particle doesn't actually impinge upon the nucleus. Instead there is an electrostatic repulsion between the α-particle and the nucleus. It is the kinetic energy of the α-particle that determines how close it can get to the nucleus.
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Figure 3.7: Rutherford scattering



α



+



.......................................... Example In a Rutherford scattering experiment, a beam of alpha particles is fired at a sheet of gold foil. Each α-particle has charge 2e and (non-relativistic) energy E α = 1.00 × 10-13 J. A gold nucleus has charge 79e. What is the closest possible distance an α-particle with this energy can get to a gold nucleus? As the α-particle approaches the nucleus, its potential energy increases since it is moving in the electric field of the nucleus. The kinetic energy of the α-particle will get less as its potential energy increases. At the point where all its kinetic energy has been converted into potential energy, the particle will be momentarily stationary, before the Coulomb repulsion force starts moving it away again.
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The electric potential around the gold nucleus is calculated from q 4πε0 r 79e = 4πε0 r



V = ∴ Vgold



Remember, the potential is the work done per unit charge in bringing a particle from infinity to a distance r from the object. So, by using Equation 3.1 for an α-particle of charge 2e, the amount of work done U is U =qα Vgold 79e ∴ U =2e × = 1.00 × 10−13 4πε0 r 158e2 So r = 4πε0 × 1.00 × 10−13 ∴ r =3.64 × 10−13 m At distance r = 3.64 × 10-13 m from the gold nucleus, all the kinetic energy of the α-particle has been turned into potential energy, and so this is the closest to the nucleus that the α-particle can get. ..........................................



Rutherford scattering Suppose a Rutherford scattering experiment was carried out firing a beam of protons at a gold foil. What would be the closest that a proton could get to a nucleus if it had a non-relativistic energy U = 8.35 × 10-14 J?



15 min



(mp = 1.67 × 10-27 kg, e = 1.60 × 10-19 C, ε0 = 8.85 × 10-12 C2 N-1 m-2 )



The kinetic energy of a charged particle can be used to determine how close the particle can get to a nucleus in a Rutherford scattering experiment. ..........................................



3.4.6



Millikan's oil drop experiment



In 1909, the American scientist R A Millikan designed an experiment to measure the fundamental unit of charge e. His measurements gave the first accurate measurement of e.



Millikan's oil drop experiment At this stage there is an online activity. This simulation allows you to perform a version of Millikan's experiment. In the first part of the experiment, a number of oil drops are suspended one by one in the electric field of a charged capacitor. In the second part, the data from the experiment is analysed, allowing you to deduce the magnitude of the fundamental charge. © H ERIOT-WATT U NIVERSITY
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The results of this experiment show that charge is quantised in units of 1.6 × 10 -19 C. ..........................................



3.4.6.1 Theory The above exercise allows you to ‘perform' the experiment. Here we will run through the important theory and experimental details which accompany the experiment. The experiment works by putting a negative electric charge on a microscopic drop of oil. The motion of the oil drop is observed as it falls between two charged horizontal plates. The magnitude of the electric field between the plates can be varied, so that the drop can be held stationary, or allowed to fall with constant velocity. Knowing the electric field strength, the charge on the oil drop can be deduced. Millikan found that every drop had a charge that was equal to an integer multiple of e, and no charged drop had a charge less than e. From these observations, he concluded firstly that charge was quantised, since the drops could only have a charge that was an integer multiple of e. Secondly, he stated that e was the fundamental unit of charge - a drop which had acquired one electron had charge e, one with two extra electrons had charge 2e and so on.



3.4.6.2 Experiment The experimental arrangement is shown in Figure 3.8. The oil drops are charged either by friction as they are sprayed from a fine nozzle, or by irradiating the air near the nozzle using X-rays or a radioactive source. The drops then enter the electric field via the small aperture in the upper plate. Figure 3.8: Experimental arrangement of Millikan's oil drop experiment



.......................................... A charged drop can be held stationary in the electric field by adjusting the potential difference across the plates, or it can be allowed to fall if the pd is decreased. © H ERIOT-WATT U NIVERSITY
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Figure 3.9: Charged oil drops between charged plates



+



+



+



+



+



+



+



+



-



-



-



-



-



-



-



-



.......................................... In Figure 3.9(a) the Coulomb force F is equal to the gravitational force W acting on the drop. If the mass or radius of the drop is known, then the charge on the drop can be easily calculated. However, measuring the mass or radius of the drop is extremely difficult. Millikan devised a different method shown in Figure 3.9(b). The drop is allowed to fall, so an additional force, air resistance R, acts on the drop. This force depends on the size of the drop and its velocity. By adjusting the pd, the drop can be made to fall at a constant velocity, so once again it is in equilibrium (Newton's First Law). If the density of the oil is known, an expression can be deduced relating the three forces acting on the drop which does not involve the mass or radius of the drop. Using this expression, the charge on the drop can be calculated.



Quiz 3 Applications of charges moving in fields First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: acceleration due to gravity g



9.8 m s-2



fundamental charge e



1.60 × 10-19 C



rest mass of an electron me speed of light c mass of an α-particle charge of an α-particle



9.11 × 10-31 kg



3.00 × 108 m s-1 6.65 × 10-27 kg



+3.20 × 10-19 C



Q11: The purpose of the y-plates in an oscilloscope is to a) b) c) d) e)



focus the beam of electrons. apply a sawtooth signal to make the electron beam travel across the screen. produce electrons by thermionic emission. deflect the electron beam by an amount proportional to the quantity being measured. control the brightness of the spot on the screen.
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.......................................... Q12: The scattering of alpha particles in a Rutherford scattering experiment is due to a) b) c) d) e)



an external field accelerating the α-particles. thermionic emission of α-particles. inelastic collisions between α-particles and gold nuclei. relativistic energy of α-particles. Coulomb repulsion between α-particles and gold nuclei. ..........................................



Q13: In a Rutherford scattering experiment, an α-particle of energy U = 5.0 × 10-14 J is fired at a gold foil.



If a gold nucleus has charge +79e, what is the closest distance an α-particle can get to a gold nucleus? a) b) c) d) e)



3.6 × 10-13 m 7.3 × 10-13 m 1.4 × 10-12 m 1.1 × 10-7 m 2.3 × 10-6 m ..........................................



Q14: The purpose of the ‘oil drop' experiment was to measure a) b) c) d) e)



the fundamental unit of charge e. the mass of an electron me . the sign of the charge of an electron. the charge-to-mass ratio of an electron e/m e . the density of a drop of oil. ..........................................



Q15: A charged oil drop with a mass of 1.0 × 10 -4 kg is held suspended by an electric field. The field is directed downwards, and has magnitude 2000 N C -1 . What is the charge on the drop? a) b) c) d) e)



+1.6 × 10-19 C -4.9 × 10-7 C +4.9 × 10-7 C -2.0 × 10-6 C +2.0 × 10-6 C ..........................................
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Summary



We have seen that charged particles are accelerated by electric fields, gaining kinetic energy. An electric field can be used to deflect the path of a charged particle or a beam of such particles. By the end of this topic you should be able to: • describe the energy transformation that takes place when a charged particle is moving in an electric field; • describe the motion of a charged particle in a uniform electric field, and use the kinematic relationships to calculate the trajectory of this motion; • explain the workings of a cathode ray tube; • state that relativistic effects need to be considered when a particle has velocity greater than 10% of the velocity of light; • perform non-relativistic calculations involving the collision of a charged particle with a stationary nucleus; • describe Millikan's oil-drop experiment, and explain how the results of the experiment lead to the idea of quantisation of charge.



3.6



End of topic test



End of topic test At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: fundamental charge e permittivity of free space ε 0 rest mass of an electron m e rest mass of a proton m p acceleration due to gravity g



1.60 × 10-19 C



8.85 × 10-12 C 2 N-1 m-2 9.11 × 10-31 kg 1.67 × 10-27 kg 9.8 m s-2



Q16: An electron is accelerated through a potential of 420 V. Calculate the resultant increase in the kinetic energy of the electron, in J. .......................................... Q17: An electron is accelerated from rest through a potential of 65 V. Calculate the final velocity of the electron, in m s-1 .
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.......................................... Q18: Consider a particle of charge 8.7 µC and mass 1.7 × 10 -4 kg entering an electric field of strength 6.4 × 105 N C-1 . Calculate the acceleration (in m s-2 ) of the particle.



.......................................... Q19: An electron travelling horizontally with velocity 1.65 × 10 6 m s-1 enters a uniform electric field, as shown below.



The electron travels a distance l = 0.0200 m in the field, and the strength of the field is 110 N C-1 . 1. Calculate the vertical component of the electron's velocity (in m s-1 ) when it emerges from the E -field. 2. Calculate the vertical displacement y of the electron, in m. .......................................... Q20: In a Rutherford scattering experiment, an α-particle (charge +2 e ) is fired at a stationary gold nucleus (charge +79 e ). Calculate the work done (in J) by the α-particle in moving from infinity to a distance 4.65 × 10-13 m from the gold nucleus. ..........................................



Q21: A microscopic oil drop of mass 1.6 × 10 -12 kg and charge 3 e is suspended in the gap between two parallel metal plates. The separation between the plates is 12 mm.. Calculate the potential difference between the plates, in V. ..........................................
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Topic 4



Magnetic fields and forces
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Prerequisite knowledge • No prior work in magnetism is assumed. • An understanding of the concept of electrical field (Electrical phenomena topic 1). • An understanding of the concept of gravitational field (Mechanics topic 6). • An understanding of torque (Mechanics topic 5). • Basic geometrical and algebraic skills. Learning Objectives After studying this topic, you should be able to: • state the condition necessary for a magnetic force to exist between two charged particles; • describe the magnetic force by using a field description; • describe how the concept of a magnetic field is used to explain the magnetic force exerted by current-carrying conductors on each other; • state and use the relationship for the force on a current-carrying conductor in a magnetic field;
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• derive the expression for the torque on a current-carrying coil in a magnetic field; • describe applications of the force on a conductor in a magnetic field.
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Introduction



We are all familiar with permanent magnets and the fact that they exert forces on each other, as well as on certain types of metal and metallic ores. The first descriptions of magnetic effects were made in terms of magnetic poles. Every magnet has two poles. Unlike or opposite magnetic poles exert forces of attraction on each other, while like or similar poles repel each other. In addition, both poles of a magnet exert forces of attraction on unmagnetised iron. One pole is called the north pole or N-pole (actually short for ‘north-seeking' pole). It points approximately towards the north geographic pole of the Earth. The other end is called the south pole (S-pole). This alignment happens because the Earth is itself a magnet, with a south magnetic pole near to the north geographic pole. It is tempting to compare north and south magnetic poles with positive and negative charges. While there are similarities, the major difference is that it is possible for isolated positive and negative charges to exist but there is no evidence to suggest that an isolated magnetic pole (a monopole) can exist. Magnetic forces are used in many familiar devices. The electric motor, the moving coil meter and the TV are amongst the most common. Other areas that use magnetic forces are fusion plasma confinement, the mass spectrometer, charged particle accelerators and magnetrons. In this Topic we will discuss how a magnetic force is caused by movement of charges. We will then describe the magnetic force by using a field description, much as we did for the electric force. Finally, we will look at current-carrying conductors and use the magnetic field description to explain the forces that they exert on each other.



4.2 !



Magnetic forces and fields



Learning Objective To state the condition necessary for a magnetic force to exist between two charged particles To describe the magnetic force by using a field description



"



We have already seen in topic 1 that an electric force exists between two or more charged particles whether they are moving or not. When they are moving, an additional force that is dependent on their velocities is also found to operate. This force is called a magnetic force. It is usual to describe the interaction between two magnets by applying a field description to them. We can consider that one magnet sets up a magnetic field and that the other magnet is in this magnetic field. A magnetic field is usually visualised by drawing magnetic field lines. Figure 4.1 shows the field pattern around a bar magnet.
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Figure 4.1: The field pattern around a bar magnet



.......................................... The following points should be noted about magnetic field lines: • they show the direction in which a compass needle would point at any position in the field; • they never cross over each other because the direction of the magnetic field is unique at all points - crossing field lines would mean that the magnetic field pointed in more than one direction at the same place - obviously impossible; • they are three-dimensional, although this is not often seen on a page or screen because the magnetic field they represent is three-dimensional; • they indicate the magnitude of the magnetic field at any point - the closer the lines are together, the stronger is the field. • like electric field lines, magnetic field lines are used to visualise the magnitude and the direction of the field. Also like electric field lines, they do not exist in reality. An atom consists of a nucleus surrounded by moving electrons. Since the electrons are charged and moving, they create a magnetic field in the space around them. Some atoms have magnetic fields associated with them and behave like magnets. Iron, nickel and cobalt belong to a class of materials that are ferromagnetic. In these materials, the magnetic fields of atoms line up in regions called magnetic domains. If the magnetic domains in a piece of ferromagnetic material are arranged so that most of their magnetic fields point the same way, then the material is said to be a magnet and it will have a detectable magnetic field. The Earth's magnetic field is thought to be caused by currents in the molten core of the Earth. A simplified view of the Earth's magnetic field is that it is similar to the field of a bar magnet. This means that the field lines are not truly horizontal at most places on the surface of the Earth, the angle to the horizontal being known as the magnetic inclination. The Earth's magnetic field at the poles is vertical. A compass needle is simply a freely-suspended magnet, so it will point in the direction of the Earth's magnetic field © H ERIOT-WATT U NIVERSITY
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at any point. The fact that the magnetic and geographic poles do not exactly coincide causes a compass needle reading to deviate from geographic north by a small amount that depends on the position on the Earth. This difference is known as the magnetic declination or the magnetic variation. In earlier topics, we introduced the concept of the gravitational field associated with a mass (Topic 6 in Mechanics) and the electric field associated with a charge (Topic 1 in Electrical phenomena). In the same way, we can explain magnetic interactions by considering that moving charges or currents create magnetic fields in the space around them, and that these magnetic fields exert forces on any other moving charges or currents present in the field. Table 4.1 gives the three types of field so far encountered, and the cause of each. Table 4.1: Types of field



Field type gravitational electric magnetic



Cause of field mass charge movement of charge



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



Quiz 1 Magnetic fields and forces First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q1: Which one of the following statements about magnets is correct? a) b) c) d) e)



All magnets have one pole called a monopole. All magnets are made of iron. Ferromagnetic materials cannot be made into magnets. All magnets have two poles called positive and negative. All magnets have two poles called north and south. ..........................................



Q2: Which of the following statements about magnetic field lines is/are correct? Magnetic field lines: (i) are directed from the north pole to the south pole of a magnet. (ii) only intersect at right angles. (iii) are further apart at a weaker place in the field. a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (i) and (iii) only
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.......................................... Q3: Which of the following statements about the Earth's magnetic field is/are correct? The Earth's magnetic field: (i) is horizontal at all points on the Earth's surface. (ii) has a magnetic north pole at almost the same point as the geographic north pole. (iii) is similar to the field of a bar magnet. a) b) c) d) e)



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



Q4: Which of the following fields act(s) on a stationary, positively-charged particle? (i) electric (ii) gravitational (iii) magnetic a) b) c) d) e)



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



Q5: Which of the following fields act(s) on a moving, negatively-charged particle? (i) electric (ii) magnetic (iii) gravitational a) b) c) d) e)



(i) only (ii) only (iii) only (i) and (ii) only (i), (ii) and (iii) ..........................................
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Current-carrying conductors



Learning Objective To describe how the concept of a magnetic field is used to explain the magnetic force exerted by current-carrying conductors on each other



"



Current is a movement of charges. We have just seen that there is a magnetic field round about moving charges, so there must be a magnetic field round a wire carrying a current. This effect was first discovered by the Danish physicist Hans Christian Oersted (1777 - 1851). Oersted was in fact the first person to link an electric current to a magnetic compass needle.
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Oersted's experiment At this stage there is an online activity. The activity shows the effect of a current in a wire on compass needles. The magnitude and direction of the current in the straight wire can be altered. You should understand that a current in a straight wire sets up a circular magnetic field around the wire. This magnetic field influences a compass needle. .......................................... A current through a wire produces a circular field, centred on the wire as shown in Figure 4.2. I shows the direction of conventional current. Figure 4.2: The magnetic field around a straight wire



.......................................... The direction of the magnetic field can be found by using the right-hand grip rule (for conventional current), as follows: Point the thumb of the right hand in the direction of the current. The way the fingers curl © H ERIOT-WATT U NIVERSITY
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round the wire when making a fist is the way the magnetic field is directed. (For electron flow, as opposed to conventional current, a similar grip rule, using the left hand, applies.) Consider now the situation shown in Figure 4.3 where two parallel wires each have currents in them. Figure 4.3: Parallel current-carrying conductors



.......................................... In Figure 4.3(a), we can see that wire 2 has a circular magnetic field round it because of the current in it. Wire 1 also has a current in it (i.e. moving charges) and is in the magnetic field of wire 2, so wire 1 experiences a force. Note that, although we have considered wire 1 to be in the magnetic field created by wire 2, in reality each wire is in the magnetic field created by the moving charges in the other wire, as can be seen in Figure 4.3(b). Note also that this figure simply shows the two separate fields superimposed, the separate fields do not exist and intersect. Each wire therefore experiences a force that is equal in magnitude but opposite in direction to the force experienced by the other wire. If the currents in the two wires are in the same direction, there will be an attractive force; if the currents are in opposite directions, the force will be a repulsive one. Be © H ERIOT-WATT U NIVERSITY
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careful not to get this the wrong way round: like magnetic poles repel; like currents attract. Figure 4.3(c) shows that, in the region of space in between the two wires, the circular magnetic fields due to currents in the same direction in both wires tend to cancel each other out. The fields reinforce each other in the regions outside. If the magnetic field lines are thought of as elastic bands encircling both of the wires, it can easily be seen that the forces between the wires are forces of attraction. One of the pioneers of electromagnetism, Michael Faraday, first proposed this concept of magnetic field lines acting as elastic bands. Although it is not strictly a correct interpretation of what is actually happening, it is a convenient means of visualising the result of the effect.



4.3.1



Magnetic induction



So far we have used a magnetic field description without quantifying it. We will now use one of the effects of a magnetic field to do just that. The symbol that is used for the magnetic field is B. The magnetic field is a vector quantity, and so has a direction associated with it. The direction of the field at any position is defined as the way that the north pole of a compass would point in the field at that position. There are other names that are used for magnetic field - magnetic flux density, magnetic induction or magnetic B-field. They all come about from different approaches to an understanding of magnetic fields. The unit for magnetic induction, the tesla (T), is obtained from the force on a conductor in a magnetic field. One tesla is the magnetic induction of a magnetic field in which a conductor of length one metre, carrying a current of one ampere perpendicular to the field is acted on by a force of one newton. 1 T = 1 N A-1 m-1 As in all areas of Physics, it is useful to have a ‘feel' for the quantities that you are dealing with. The order of magnitude values shown in Table 4.2 might be of use in gaining an understanding of magnetic fields. Table 4.2: Typical magnetic field values



Situation Magnetic field of the Earth At the poles of a typical fridge magnet Between the poles of a large electromagnet In the interior of an atom Largest steady field produced in a laboratory At the surface of a neutron star (estimated)



Magnetic field (T) 5 x 10-5 1 x 10-3 1.00 10.0 45.0 1.0 x 108



..........................................
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Force on a current-carrying conductor



#



Learning Objective To state and use the relationship for the force on a current-carrying conductor in a magnetic field



"



The forces that a magnetic field exerts on the moving charges in a conductor are transmitted to the whole of the conductor and it experiences a force that tends to make it move. Consider a current-carrying conductor that is in a uniform magnetic field B, as in Figure 4.4. Figure 4.4: A current-carrying conductor in a magnetic field



.......................................... The force dF on a small length dl of the conductor is proportional to the current I, the magnetic induction B, and the component of dl perpendicular to the magnetic field, that is dl sin θ. (4.1)



dF = BIdl sin θ ..........................................



where θ is the angle between the length dl of the conductor and the magnetic field B. For a straight conductor of length l in a uniform field B, the force on the conductor becomes F = BIl sin θ
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.......................................... If the conductor, and so also the current, is perpendicular to the field, then sinθ = sin 90◦ = 1 and so the force is a maximum and is given by F = BIl If the conductor is parallel to the field, sinθ = 0 and the force is zero. Example Calculate the magnitude and direction of the force on a horizontal conductor 10 cm long, carrying a current of 20 A from south to north, when it is placed in a horizontal magnetic field of magnitude 0.75 T, directed from east to west. To find the magnitude of the force: F =BIl sin θ =0.75 × 20 × 0.1 × 1 =1.5 N



To find the direction of the force: Draw the conductor in the magnetic field and add on the circular field round the conductor due to the current that it is carrying, as shown in Figure 4.5. Note that this figure shows the two fields superimposed, not the combined field. Figure 4.5: A straight wire in a magnetic field



x



.......................................... © H ERIOT-WATT U NIVERSITY
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In Figure 4.5, east to west is from right to left and the direction of viewing is from south to north. This means that the wire is seen end on, with the current going in the direction of viewing. The convention that is used in situations like this, when a current or a magnetic field is drawn moving away from the reader or viewer, is to indicate it by using a cross. When a current or a magnetic field has to be drawn coming out of the page or the screen, it is indicated by a dot or a point. This convention is easy to remember - when you throw a dart or fire an arrow away from you, what you see is the cross of the flight moving away; when a dart or an arrow comes towards you, you see the point first. The applied field and the field due to the current in the wire add together and reinforce below the wire, while they act in opposite directions above the wire. The result of this is that the wire experiences a force upwards, away from the strong resultant field below it and towards the weaker field above it. ..........................................



Lorentz force At this stage there is an online activity. 15 min



This simulation demonstrates the force exerted on a current-carrying conductor placed in the field of a horseshoe magnet. This force is sometimes called the ‘Lorentz force'. You should understand how the magnetic field of the horseshoe magnet and the field induced around the current-carrying conductor interact to produce the Lorentz force. ..........................................



4.5 !



Torque on a current-carrying coil



#



Learning Objective



"



To derive the expression for the torque on a current-carrying coil in a magnetic field



It is more normal for a conductor to be formed into a coil than to be left as a straight wire, so this is the situation we will consider next. This is the basis of the operation of the moving-coil meter and also the electric motor. We will first of all consider a coil in a uniform magnetic field, as shown in Figure 4.6.
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Figure 4.6: A coil in a magnetic field



φ φ .......................................... For the sake of simplicity, we will consider the coil as a single turn. For the time being, we will also not worry about external connections to the coil. Obviously, since the coil is carrying a current, there must be some external wires and also a source of e.m.f. The coil is rectangular, with length l and breadth b and it carries a current of I. It is placed perpendicular to a uniform magnetic field of magnitude B. Each side of the coil experiences a force as shown in Figure 4.6. (Can you verify that the directions are correct for each side?) The two forces Fb which act on the two breadth sides of the coil are equal in magnitude and opposite in direction. The resultant of these two forces is zero since they act along the same line of action. In a similar way, the two forces F l acting on the length sides of the coil are also equal in magnitude and opposite in direction. In this case, however, the resultant of these two forces is not zero but forms a couple, since the forces do not act along the same line of action. There is a magnetic torque on the coil. The torque or turning effect of a couple is given by T = Fd where T is the torque of the couple, in N m; F is the magnitude of one of the forces, in N; and d is the perpendicular distance between the lines of action of the forces, in m. For our coil, the torque acting is given by
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T =F d ∴ T =BIl × b cos φ



(4.3)



∴ T =BIA cos φ .......................................... where A is the area of the coil (l x b) and φ is the angle between the magnetic field and the plane of the coil. If we define θ as the angle between the magnetic field and the perpendicular to the plane of the coil, then: φ =90◦ − θ cos φ = cos (90◦ − θ)



cos φ = sin θ so the expression for torque becomes



T = BIA sin θ The torque is greatest when sin θ = 1 (θ = 90 ◦ ).



4.5.1



Analogue meters



An analogue electric meter, more correctly known as a moving-coil meter (the type that has a pointer or a spot of light moving over a fixed scale), has a coil of wire attached to its pointer. The coil is suspended in a radial field, so that no matter how far round it moves, the plane of the coil is always parallel to the magnetic field. This is shown in Figure 4.7. Figure 4.7: The moving coil meter



N



S



.......................................... In this case φ = 0◦ always, and so, if the coil has N turns, the torque is given by T = BIAN . The torque on the coil is directly proportional to the current in the coil. In this type of meter, the magnetic torque is counterbalanced by a restoring torque usually supplied by a spring. For the spring, the value of the restoring torque is proportional to the angle © H ERIOT-WATT U NIVERSITY
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θ (measured in radians) through which the coil turns and is given by T = cθ. In this expression, c is the torsion constant of the spring with units N m rad -1 . For the coil in equilibrium BIAN =cθ ' ( BAN ∴θ= I c ..........................................



(4.4)



so the angular deflection of the coil (and the pointer) is directly proportional to the current, i.e. the meter has a linear scale. Example The coil of a moving coil galvanometer has an area of 5 cm 2 and is wound with 60 turns. The coil is suspended by a phosphor-bronze strip that has a torsion constant of 0.1 mN m rad-1 in a radial magnetic field of magnitude 0.01 T. Calculate the angular deflection of the coil for a current of 250 mA. B = 0.01 T A = 5 cm2 = 5 x 10-4 m2 N = 60 turns I = 250 mA = 250 x 10 -3 A c = 0.1 x 10-3 N m rad-1 '



( BAN θ= I c 0.01 × 5 × 10−4 × 60 × 250 × 10−3 ∴θ= 0.1 × 10−3 ∴ θ =0.75 rad (= 43◦ ) ..........................................



4.5.2



The electric motor



The electric motor is another example of a device that makes use of the magnetic torque on a coil suspended in a magnetic field. In this case, however, there is not a spring to supply a restoring torque to counterbalance the magnetic torque, but a device to allow a continuous magnetic torque in the same direction. Consider the simple motor shown in Figure 4.8.
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Figure 4.8: The simple electric motor



N



S



N



S



.......................................... The coil, in this simple case consisting only of one turn, is called the rotor. It is free to rotate about an axis through its centre. The coil is placed in a magnetic field, which at the moment we will consider to be uniform. A current is fed into and out of the coil from an external circuit containing a source of e.m.f. through two brushes which contact with a commutator. The commutator consists of a split ring with each half connected to each end of the coil. In Figure 4.8(a) it can be seen that there is a force on each of the long sides of the coil. Since the current in each of these two sides is in opposite directions, these two forces supply a magnetic torque to the coil that makes it move anti-clockwise when looking in the direction shown. This magnetic torque continues to move the coil round until it reaches the position shown in Figure 4.8(b). At this position, if the current continued in the same direction, there would no longer be a torque on the coil (although there are still forces on each of the sides, these forces now act in opposite directions along the same line of action and so the torque has reduced to zero). Momentarily at this position, however, both sides of the commutator are in contact with both of the brushes. This stops the current in the coil. The inertia of the coil takes it slightly beyond the equilibrium position shown in Figure 4.8(b) and this results in each brush again only connecting with one side of the commutator, restarting the current. Although the sides of the coil have now physically changed positions, the current always enters the side of the coil that is nearest to the north pole and always leaves by the side nearest to the south pole. So the current reverses direction in the rotor every halfrevolution and this current reversal, coupled with the rotation of the coil, ensures that the magnetic torque is always in the same sense.



The simple electric motor At this stage there is an online activity. 10 min



This simulation shows a direct current electric motor that is reduced to the most important parts for clarity. Instead of an armature with many windings and an iron core, © H ERIOT-WATT U NIVERSITY
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there is only a single rectangular conductor loop; the axis the loop rotates on is omitted. You should be able to relate the Lorentz force to the movement produced in an electric motor. .......................................... Practical motors have many differences from the simple motor described above. These differences, together with the reasons for the differences, are given in Table 4.3. Table 4.3: Differences between a simple motor and a commercial motor



Difference many turns electromagnet, not permanent magnets radial magnetic field many coils at different angles on axis carbon brushes



Reason for difference increases magnetic torque stronger field and so increased torque uniform torque uniform torque good conductors, easily replaced



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



4.5.3



The electromagnetic pump



Consider a conducting fluid in a pipe with an electric current passing through it in a direction that is at right angles to the pipe. If the pipe is placed in a magnetic field that is at right angles to both the direction of the current and the pipe, then the fluid will experience a force along the length of the pipe, as shown in Figure 4.9. This will cause the fluid to flow along the pipe under the action of the magnetic force, with no external mechanical force applied to it. The twin benefits of this type of pumping action compared to a conventional mechanical pump are that the system is completely sealed and there are no moving parts other than the fluid itself. Figure 4.9: The electromagnetic pump



© H ERIOT-WATT U NIVERSITY



69



70



TOPIC 4. MAGNETIC FIELDS AND FORCES



.......................................... This type of pump is widely used in nuclear reactors to transport the liquid metal sodium that is used as a coolant from the reactor core to the turbine. More recently, electromagnetic pumps have been used in medical physics to transport blood in heartlung machines and artificial kidney machines. Blood transported in this way can remain sealed and so the risk of contamination is reduced. There is also less damage to the delicate blood cells than is caused by mechanical pumps that have moving parts.



Quiz 2 Forces on conductors 15 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q6: Which is the correct description for the magnetic field around a long straight wire carrying a current? a) b) c) d) e)



radial, directed out from the wire radial, directed in to the wire uniform at all points circular, increasing in magnitude with distance from the wire circular, decreasing in magnitude with distance from the wire ..........................................



Q7: The diagram shows three wires carrying equal currents perpendicular to the viewing plane in the directions shown.



In what direction is the resultant magnetic force on the top wire due to the currents in the other two wires? a) b) c) d) e)



a b c d e .......................................... © H ERIOT-WATT U NIVERSITY
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Q8: Which of the following is equivalent to the unit of magnetic induction, the tesla? a) b) c) d) e)



N A m-1 N A-1 m-1 N m-1 N m A-1 N m rad-1 ..........................................



Q9: In what direction does the force due to the magnetic field of the Earth act on a vertical wire that is carrying a current downwards? a) b) c) d) e)



horizontal, directed east horizontal, directed west horizontal, directed north vertical, downwards vertical, upwards ..........................................



Q10: Which two of the following differences between a commercial electric motor and a simple one increase the torque of the motor? (i) electromagnet, not permanent magnet (ii) many coils at different angles on axis (iii) many turns on each coil (iv) radial magnetic field a) b) c) d) e)



(i) and (ii) (ii) and (iii) (i) and (iii) (i) and (iv) (ii) and (iv) ..........................................



4.6



Summary



In this topic we have seen that magnetic forces exist between moving charges. This is in addition to the electric forces that always exist between charges, moving or not. The magnitude and direction of the magnetic force on a moving charge depends on its velocity as well as on the magnitude and direction of the field. Since a current in a wire is a movement of charges, the magnetic field around a wire was next studied - starting with Oersted's experiment and moving on to consider the forces between current-carrying conductors. The unit for magnetic induction, the tesla, was defined. A simple way of deciding the direction of the force on a current -carrying conductor in a magnetic field was given. The expression for the force on a current-carrying conductor in a magnetic field was developed and this led on to an analysis of the torque in a magnetic field. Analogue © H ERIOT-WATT U NIVERSITY
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meters and electric motors were finally studied, both of these devices depending for their operation on the torque produced in a coil in a magnetic field. By the end of this topic you should be able to: • describe magnetic fields and the magnetic forces that act on current-carrying conductors in magnetic fields; • describe what causes a magnetic force and why it is important; • state the condition necessary for a magnetic force to exist between two charged particles; • describe the magnetic force by using a field description; • describe how the concept of a magnetic field is used to explain the magnetic force exerted by current-carrying conductors on each other; • describe the effect of a current in a straight wire on a compass needle placed nearby; • define the unit of magnetic induction, the tesla (T); • state and use the relationship for the force on a current-carrying conductor in a magnetic field; • derive the expression for the torque on a current-carrying coil in a magnetic field; • describe the operation of a moving-coil meter; • describe the operation of a simple electric motor; • describe the principle of operation of an electromagnetic pump.



4.7



End of topic test



End of topic test 30 min



At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: acceleration due to gravity g = 9.8 m s-2 Q11: A long straight wire is held perpendicular to the poles of a magnet of field strength 0.411 T. Assume that the field is uniform and extends for a distance of 4.03 cm. Calculate the force on the wire, in N, when the current in it is 4.02 A. .......................................... Q12: An electric power line carries a current of 1800 A. Calculate the force, in N, on a 4.04 km length of this line at a position where the Earth's magnetic field has a magnitude of 5.35 × 10 -5 T and makes an angle of 75.0 ◦ to the line. © H ERIOT-WATT U NIVERSITY
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.......................................... Q13: A short length of wire has a mass of 14.6 grams. It is resting on two conductors that are 3.47 cm apart, at right angles to them. The conductors are connected to a power supply which maintains a constant current of 6.23 A in the wire. The wire is held between the poles of a horseshoe magnet that has a uniform magnetic field of 0.277 T. The wire is perpendicular to the magnetic field. Ignoring friction, air resistance and electrical resistance, calculate the initial acceleration of the wire, in m s-2 . .......................................... Q14: A wire has a mass per unit length of 52 grams per metre. 1. The wire is placed perpendicular to a uniform magnetic field when it is carrying a current of 0.89 A. Calculate the magnitude of the magnetic field, in T, if the wire just remains suspended. (Ignore the magnetic field of the Earth in this part of the question.) 2. In the absence of the external magnetic field, the wire is used at a point on the Earth's surface where the Earth's magnetic field is horizontal and has a magnitude of 3.2 × 10-5 T. Calculate the minimum current in the wire, in A, that would ensure that the wire just remains suspended. 3. Why do current-carrying wires not normally become suspended in the Earth's magnetic field? a) The magnetic field does not exert a force on current-carrying wires. b) Wires with a mass of g m-1 are difficult to manufacture. c) The magnetic field is not normally horizontal. d) The magnetic field only exerts a force on a moving wire. e) The current in a wire is not normally large enough. .......................................... Q15: A 20.0 cm long wire is made into a loop. The loop is placed in a 0.182 T magnetic field with its plane in the same direction as the magnetic field. The loop carries a current of 6.13 mA. Calculate the maximum torque, in N m, that can be obtained from the loop. .......................................... Q16: A moving coil meter has a full scale deflection of 60 ◦ (π/3 rad). The coil is wound with 50 turns, each of area 2.0 cm 2 , and is suspended in a radial field of 20 mT. The spring attached to the coil which supplies a restoring torque has a torsion constant of 0.955 µN m rad -1 . Calculate the full scale deflection current in mA . .......................................... Q17: You are given a 1.0 m length of wire to make into a coil for an electric motor. To give the greatest torque, should the wire be wound into a small number of large coils or a large number of small coils or does it not make any difference? (Assume there is a large enough uniform magnetic field available for any configuration.) .......................................... © H ERIOT-WATT U NIVERSITY
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Prerequisite knowledge • Magnetic fields and forces (Electrical phenomena topic 4). • Understanding of electric field (Electrical phenomena topic 1). • Understanding of electric potential (Electrical phenomena topic 2). Learning Objectives After studying this topic, you should be able to: • describe the interaction between magnetic fields and current in a wire; • state and use the expression for the magnetic field B due to a straight currentcarrying conductor; • derive and use the expression for the force per unit length between two parallel current-carrying conductors.
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5.1



Introduction



In the previous topic we found that the force on a conductor carrying a current in a magnetic field is proportional to both the current and the magnetic field. This Topic looks further at a means of determining the direction of the force and then goes on to a simulation of an experiment to investigate the factors affecting this force. One important consequence of the force on charges moving in a magnetic field is the Hall effect. This effect is introduced and two of the applications of the Hall effect are studied. We then go on to discuss the cause of a magnetic field (up until now we have concentrated on the effect) and derive and use the expression for the field due to a current-carrying conductor. This leads on to the derivation and use of the expression for the force between current-carrying wires and the definition of the ampere.



5.2 !



Current, magnetic field and force



#



Learning Objective



"



To describe the interaction between magnetic fields and current in a wire



In the previous topic we introduced the expression for the force F on a straight conductor of length l carrying a current I in a uniform magnetic field B. (5.1)



F = BIl sin θ .......................................... where θ is the angle between the direction of the magnetic field and the current.



The direction of the force was seen to be at right angles to the plane containing l and B. However, there are two senses to this direction. To decide in which sense the force acts, consider Figure 5.1. In this diagram, the magnetic field is in the x-direction and the conductor is in the x-z plane. The resulting force acts in the y-direction.
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Figure 5.1: Direction of force



θ



.......................................... Imagine the direction of movement of positive charges (in other words, the direction of I) turning round to point in the direction of the magnetic field B, through the angle θ. Using the right hand, curl the fingers round in the same way as this movement. The thumb of the right hand points in the direction of the force experienced by a current of positive charges, i.e. a conventional current. Another way of looking at this situation is to imagine an arrow pointing in the direction of I. Rotate the arrow towards B through the smaller angle (< 180 ◦ ). The direction a corkscrew would move forwards as a result of this rotation gives the direction of the force on the positive charges.



5.2.1



Factors affecting force on a current-carrying conductor



The factors affecting the force on a current-carrying conductor can be investigated using the apparatus shown in Figure 5.2. Figure 5.2: Measuring the force on a current-carrying conductor



© H ERIOT-WATT U NIVERSITY



77



78



TOPIC 5. MAGNETIC FORCES ON CONDUCTORS



.......................................... The balance is zeroed with no current in the wire. When a current is passed through the wire, the force F exerted by the wire on the magnet is seen as an apparent increase or decrease in the mass of the magnet ∆m. This change in apparent mass is caused by a force of ∆mg newtons.



Force-on-a-conductor balance At this stage there is an online activity. 30 min



This activity investigate the factors affecting the force on a conductor in a magnetic field. From the simulation you should have found that: 1. a graph of force F against current I is a straight line through the origin, showing that F ∝I 2. a graph of force against sin θ is a straight line through the origin, showing that F ∝ sin θ 3. a graph of force against length is a straight line through the origin, showing that F ∝l ..........................................



5.2.2



The Hall effect



Consider a slab of conducting material placed perpendicular to a magnetic field as shown in Figure 5.3. Figure 5.3: The Hall effect



.......................................... A current I is passed through this material as shown. For the moment, let us think of this current as being a flow of electrons, as would be the case with a metallic conductor. A conventional current from left to right in this case is caused by a flow of electrons © H ERIOT-WATT U NIVERSITY
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from right to left. These moving charges in a magnetic field experience a magnetic force F directed upwards as in Figure 5.3. The result of this force is that there is an upwards movement of the electrons in addition to the applied movement of the current. Figure 5.4: The Hall voltage



.......................................... Electrons accumulate on the upper face of the material as shown in Figure 5.4(a), leaving positive charges on the lower face. This charge separation causes a potential difference, known as the Hall voltage, to appear across the top and bottom faces. Although it is small in most cases, this voltage is measurable by a voltmeter connected as in Figure 5.4(b). The separation of charges continues to build up until the resulting electric field, E, is of such a magnitude as to exert an electric force on the charges that is equal and opposite to the magnetic force. We then have an equilibrium situation in which the upward force on the electrons due to the Hall effect is balanced by the downward force due to the electric field. If the same current in Figure 5.3 is caused by movement of positive charge carriers, then the resultant magnetic force moves the charge carriers as shown in Figure 5.5. This sets up a Hall voltage in the opposite direction. The direction of the Hall voltage can therefore tell us whether the electric current in the material is due to the movement of negative or positive charge carriers. Figure 5.5: Positive charge carriers
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.......................................... This effect was discovered in 1879 by Edwin Hall, hence the name of the effect. With good conductors, such as copper, the Hall voltage is very small. It is of the order of a few microvolts when a large current (up to about 100 A) is passed through a thick copper wire in a strong magnetic field. However with semiconductor materials the Hall voltage is much larger, partly because the density of charge carriers is less than for metals. One of the most important applications of the Hall effect is in identifying the nature of the charge carriers in extrinsic semiconductors. In a metal, we know that electrons are the charge carriers. However extrinsic semiconductors can have either negative charge carriers, electrons, or positive charge carriers, holes. An n-type semiconductor conducts by movement of electrons and generates a Hall voltage as shown in Figure 5.4. In a p-type semiconductor, the charge carriers are ‘holes'. A hole is an empty or vacant position in the lattice structure of the semiconductor material that could be occupied by an electron. If an electron moves one way to fill up this hole then a new hole is created where the electron used to be. The missing negative charge where the electron was, is equivalent to a positive charge. So although holes do not exist as physical entities, their movement causes positive conduction - hole conduction. A p-type semiconductor generates a Hall voltage as shown in Figure 5.5. The other main application of the Hall effect is in determining the magnitude of a magnetic field using a Hall probe. A Hall probe consists of a very small slab of semiconductor material connected as shown in Figure 5.6. Figure 5.6: The Hall probe
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In use, a steady current I is passed through the semiconductor. In the absence of a magnetic field other than the Earth's magnetic field, the slider of the potentiometer is adjusted to give zero deflection on a voltmeter connected across PQ. The probe is then placed at a point in the magnetic field to be measured. The resulting small Hall voltage generated across PQ is proportional to the component of the magnetic field perpendicular to the semiconductor. The voltmeter can give a readout of the Hall voltage, or alternatively, it can be calibrated to give the component of the magnetic field directly. A Hall probe can be made physically very small and so a plot of a magnetic field can be built up by placing the probe at various positions in the field.



Investigating the magnetic field round a straight wire using a Hall probe At this stage there is an online activity. This interactive simulation allows the magnetic field pattern around a long straight wire to be built up using a Hall probe.



30 min



You should be able to use a Hall probe to build up a ‘picture' of the field around a straight wire. ..........................................



Quiz 1 Current, magnetic fields and force First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q1: The force on a conductor in a magnetic field is measured when the conductor is perpendicular to the field. Changes are made to the magnitude of the field, the current and the length of the conductor in the field. In which one of the following situations is the force the same as the original force? a) b) c) d) e)



field halved, current the same, length the same field halved, current halved, length halved field doubled, current doubled, length doubled field the same, current the same, length doubled field the same, current doubled, length halved
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.......................................... Q2: The force on a conductor in a magnetic field is measured when the conductor is perpendicular to the field. Through what angle must the conductor be rotated in the direction of the magnetic field to reduce the force to half its original value? a) b) c) d) e)



0◦ 30◦ 45◦ 60◦ 90◦ ..........................................



Q3: Which of the following three statements about the Hall effect is/are correct? (i) The Hall effect only happens in semiconductors. (ii) The Hall voltage appears even if there is no applied magnetic field. (iii) The Hall effect can be used to distinguish between n- and p-type extrinsic semiconductors. a) b) c) d) e)



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



Q4: Samples of copper, n-type semiconductor and p-type semiconductor are placed in turn in the same magnetic field, and a current is passed through each of them. Which one of the following statements is correct? a) None of them develop a Hall voltage. b) The Hall voltages developed across the copper and the n-type semiconductor only are in the same direction. c) The Hall voltages developed across the copper and the p-type semiconductor only are in the same direction. d) The Hall voltages developed across the p-type semiconductor and the n-type semiconductor only are in the same direction. e) The Hall voltages developed across all three samples are in the same direction. .......................................... Q5: A Hall probe is used to plot the magnetic field due to a long straight conductor. This field is found to be a) b) c) d) e)



circular, decreasing in magnitude with distance from the wire. radial, decreasing in magnitude with distance from the wire. uniform at all points. radial, increasing in magnitude with distance from the wire. circular, increasing in magnitude with distance from the wire. .......................................... © H ERIOT-WATT U NIVERSITY
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The field due to a current-carrying conductor



#



Learning Objective To state and use the expression for the magnetic field B due to a straight currentcarrying conductor



"



We have seen in the previous Topic that the magnetic field around a long straight wire carrying a current is circular, and is centered on the wire. A Hall probe can be used to measure the magnitude of the field at various points. Such an investigation shows that the magnitude of the field, B, is directly proportional to the current, I, in the wire and is inversely proportional to the distance, r, from the wire. B∝



I r



The constant of proportionality in this relationship is written as µ0/2π , so the relationship becomes µ0 I 2πr .......................................... B=



(5.2)



The constant µ0 in Equation 5.2 is called the permeability of free space and it has a value of 4π x 10-7 T m A-1 . µ0 is the counterpart in magnetism to ε0 , the permittivity of free space, that appears in electrostatics. You will also have noticed that µ0 appears in the numerator of the expression for magnetic induction, while ε 0 appears in the denominator of the expression for electric field (E = 4πεQ0 r2 ). This is partly explained by the fact that any insulating material placed in an electric field decreases the magnitude of the field, so relative permittivity appears as a divisor. On the other hand, inserting a ferromagnetic material in a magnetic field increases the magnitude of the field. Hence relative permeability appears as a multiplier. Example Calculate the magnitude of the magnetic field at a point in space 12 cm from a long straight wire that is carrying a current of 9.0 A. We are given that the current I is 9.0 A and we want to calculate B at a point where r is 0.12 m. µ0 I 2πr 4π × 10−7 × 9.0 ∴B= 2π × 0.12 ∴ B =1.5 × 10−5 T B=
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Problem: The hiker 15 min



A hiker is standing directly under a high voltage transmission line that is carrying a current of 500 A in a direction from north to south. The line is 10 m above the ground. a) Calculate the magnitude of the magnetic field where the hiker is standing. b) Calculate the minimum distance the hiker has to walk on horizontal ground to be able to rely on the reading given by his compass, assuming that any external magnetic field greater than 10% of the value of the Earth's magnetic field adversely affects the operation of a compass. Take the magnitude of the Earth's magnetic field to be 0.5 x 10 -4 T.



The magnitude of the magnetic field due to a current-carrying conductor is given by B=



µ0 I 2πr



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



5.3.1



Permittivity, permeability and the speed of light



In 1865 the Scottish physicist James Clerk Maxwell showed that electromagnetic radiation travels in free space with a speed equal to the speed of light. Electromagnetic radiation is emitted by transverse waves in which electric and magnetic fields oscillate at right angles to each other and also at right angles to the direction of propagation of the waves. Maxwell showed that electric and magnetic fields can propagate as waves and he deduced that the velocity of these waves in a vacuum is given by 1 m s-1 ε0 µ0 .......................................... c= √



(5.3)



Using this relationship, and the values ε 0 = 8.85 × 10−12 C2 N - 1 m - 2 and µ0 = 4π × 10−7 T m A - 1 , gives 1 1 =√ √ −12 ε0 µ0 8.85 × 10 × 4π × 10−7 =3 × 108 Also the dimensions of ε0 µ0 are C2 N-1 m-2 x T m A-1 and since 1 C = 1 A s and 1 T = 1 N A-1 m-1 , it can be seen that the dimensions of √ε10 µ0 are m s-1 . This shows that light is propagated as an electromagnetic wave. In October 1983 the metre was defined as ‘that distance travelled by light, in a vacuum, 1 seconds'. This means that the speed of light is now a in a time interval of 299,792,458 fundamental constant of physics with a value © H ERIOT-WATT U NIVERSITY
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c = 299,792,458 m s -1 ε0 is defined from this value of c and µ 0 is defined from the definition of the ampere, which we will meet shortly.



5.4 !



The force between current-carrying wires



Learning Objective To derive and use the expression for the force per unit length between two parallel current-carrying conductors



"



In the previous topic, we touched on the situation where two long straight wires carrying currents exerted magnetic forces on each other. We are now in a position to return to this situation and quantify it. Consider two long parallel wires, carrying currents of I 1 and I 2 respectively, separated by a distance r. This situation is shown in Figure 5.7. Figure 5.7: Parallel current-carrying wires



.......................................... Wire 1 sets up a magnetic field B 1 . The magnitude of this field at a distance r is given by B1 =



µ 0 I1 2πr



Wire 2 is in this magnetic field and is carrying a current of I 2 so it will experience a magnetic force given by F2 = I2 lB1
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Substituting for B1 we have µ 0 I1 2πr F2 µ0 I1 I2 = so l 2πr F2 =I2 l



where F2/l is the force per unit length on wire 2. As before, we have considered wire 2 being in the magnetic field of wire 1. However, Newton's Third Law tells us that if wire 1 exerts a force on wire 2 then wire 2 exerts an equal but opposite force on wire 1. The reality of the situation is that each wire is in the field of the other, so both wires experience a force per unit length given by µ 0 I1 I2 F = l 2πr ..........................................



(5.4)



The analysis we used in the previous topic to determine the directions of the forces on the wires applies here also. Currents in the same directions in both wires cause forces of attraction, while currents in opposite directions ('unlike' currents) cause the wires to repel each other. Example Two long parallel wires are 5.0 cm apart. They each exert a force of attraction per unit length on the other of 6 x 10 -7 N m-1 . The current in one wire is 400 mA. (a) Calculate the current in the second wire. (b) In which direction is the current in the second wire, relative to the first? Here we are given the force per unit length, one of the currents and the separation of the wires. We first of all need to find the second current. (a) Using Equation 5.4 F µ 0 I1 I2 = l 2πr 4π × 10−7 × 0.400 × I2 ∴ 6 × 10−7 = 2π × 5.0 × 10−2 6 × 10−7 × 2π × 5.0 × 10−2 ∴ I2 = 4π × 10−7 × 0.400 ∴ I2 =0.375 A ( = 375 mA) (b) Because the forces are forces of attraction, the current in the second wire is in the same direction as the current in the first one. ..........................................
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Problem: Parallel conductors Two long, straight parallel conductors are 4 cm apart and each carries a current. 20 min



The current in PQ has magnitude 5 A and is in the direction shown. The current in RS has magnitude 3A. The two conductors attract each other. a) In what direction is the current in conductor RS? b) Calculate the magnitude of the force per unit length on conductor RS due to the magnetic field caused by the current in conductor PQ. c) Calculate the resultant magnetic field midway between the two conductors. d) Find the position between the two conductors where the total magnetic field is zero.



1. The force per unit length acting on two current-carrying conductors is given by F µ 0 I1 I2 = l 2πr 2. The magnetic field due to a current-carrying conductor is given by B=



µ0 I 2πr



..........................................
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5.4.1



The ampere



Consider the special case of parallel wires 1 metre apart in a vacuum. If each of the wires carries a current of 1 ampere and we assume the value of µ 0 , we have F µ 0 I1 I2 = l 2πr F 4π × 10−7 × 1 × 1 = ∴ l 2π × 1 F ∴ =2 × 10−7 N m - 1 l In fact, this situation is used to define the ampere and the value of µ 0 follows from this definition. One ampere is defined as the steady current that, when present in each of two infinitely long parallel conductors placed one metre apart in a vacuum, causes each conductor to exert a force on the other of 2 × 10 -7 newtons per metre length. The ampere is defined from purely mechanical considerations (forces acting on lengths of wire) and is a base unit in S.I. All other electrical and magnetic units are derived from it.



5.4.2



National Physical Laboratory Standards



Equation 5.4 shows us that once the value of µ 0 is established, current can be expressed and measured in terms of force and distance only, with no reference to any other electrical quantities. At the National Physical Laboratory a secondary standard of current is established. This secondary standard is accurate to about 1 part in 10 7 . It is based on two measurements. 1. The force on a current-carrying conductor in a magnetic field is measured using an accurate current balance. 2. The induced e.m.f. is measured when the conductor is moved at constant velocity in the magnetic field. (We will study this effect in a later Topic.)



Quiz 2 Current-carrying conductors 20 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: permeability of free space µ0



4π x 10-7 T m A-1



Q6: A Hall probe is used to find the magnitude of the field due to a long straight wire carrying a current. At a distance of 5 cm from the wire, the field has a magnitude of B T. What is the magnitude of the field (in T) at a distance of 15 cm? © H ERIOT-WATT U NIVERSITY
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a) B /9 b) B /3 c) B d) 3 B e) 9 B .......................................... Q7: A long vertical wire carries a current of 5 A. At one point due west of the wire its magnetic field exactly cancels the horizontal component of the Earth's magnetic field, which has a value of 20 µT. How far away from the wire is the point? a) b) c) d) e)



0.05 m 0.20 m 0.50 m 5.00 m 20.0 m ..........................................



Q8: What is the correct relationship between c, ε 0 and µ0 ? a) b) c) d) e)



c = (ε0 µ0 )2 c = ε01µ0 c = √ε10 µ0 √ c = ε0 µ0 c = (ε0 µ10 )2 ..........................................



Q9: Two transmission lines, 50 cm apart, each carry a current of 600 A. Calculate the force each exerts on the other per kilometre of their length. a) b) c) d) e)



3.19 × 10-5 N 0.144 N 0.240 N 144 N 240 N ..........................................



Q10: The force between two parallel wires each carrying a certain current is measured. The magnitudes of both of the currents are doubled and at the same time the directions of both of the currents are reversed. What effect do these changes have on the force? a) b) c) d) e)



no change to magnitude or direction magnitude doubled, direction reversed magnitude doubled, direction unchanged magnitude four times greater, direction reversed magnitude four times greater, direction unchanged ..........................................
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5.5



Summary



In this topic we have seen that the direction of the force on a current-carrying conductor in a magnetic field is at right angles to the plane containing I and B. The sense of direction can be found by using the right hand grip rule. We then went on to show that when a conductor or a semiconductor carries a current and is placed in a magnetic field, a transverse voltage called the Hall voltage is built up across the material. This effect is known as the Hall effect. The direction of the Hall voltage can be used to determine the majority charge carriers in extrinsic semiconductors. A Hall probe uses the Hall effect and can be used to investigate magnetic fields. The magnetic field a distance r from a conductor carrying a current I is given by B=



µ0 I 2πr



We have also explained that light is a form of electromagnetic radiation. There is a relationship between c, the speed of electromagnetic radiation; µ 0 , the permeability of free space and ε0 , the permittivity of free space. Finally we considered the force that exists between current-carrying conductors. This force is an attractive force if the currents are in the same direction and a repulsive one if the currents are in opposite directions. This is used to define the SI unit of current the ampere. By the end of this topic you should be able to: • explain the interaction between magnetic fields and current in a wire; • describe how to investigate the factors affecting the force on a current-carrying conductor in a magnetic field; • explain what is meant by the Hall effect; • explain how the Hall effect is used to determine the nature of charge carriers in semiconductors; • describe what a Hall probe is and how it can be used to measure magnetic fields; • state and use the expression µ0 I 2πr for the magnetic field B due to a straight current-carrying conductor; B=



• relate ε0 , µ0 and the speed of light; • derive and use the expression µ 0 I1 I2 F = l 2πr for the force per unit length between two parallel current-carrying conductors; © H ERIOT-WATT U NIVERSITY
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• state the definition of the unit of current, the ampere.



5.6



End of topic test



End of topic test At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required. acceleration due to gravity g



9.8 m s-2



permeability of free space µ0



4π × 10-7 t M a-1



Q11: The apparatus shown is used to investigate the magnetic induction B of an electromagnet.



The straight wire QR has a current of 5.9 A supplied to it through the two knife edge points as shown. With the electromagnet switched off, the wire PQRS is balanced in a horizontal plane by hanging small masses as shown. When the electromagnet is switched on, the mass hanging on QR has to be altered by 3.5 grams to restore PQRS to the horizontal. The perpendicular length of QR which is in the magnetic field is 40 mm. 1. Do masses have to be added to or removed from QR to restore PQRS to the horizontal? 2. Calculate the magnitude of the magnetic induction B , in T.
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.......................................... Q12: A long straight conductor carries a steady current and produces a magnetic field of 3.1 × 10-5 T, at a distance of 17 mm. Calculate the magnitude of the current, in A.



.......................................... Q13: A lightning bolt can be considered as a straight current-carrying conductor. Calculate the magnetic induction, in T, 22.7m away from a lightning bolt in which a charge of 18.2 C is transferred in a time of 3.23 ms. .......................................... Q14: A Hall probe, connected to a suitable circuit, is used to measure the very large current in a pipe which carries molten metal in an industrial process. When the Hall probe is held perpendicular 0.51 m from the centre of the pipe, the maximum reading recorded by the probe is 2.4 mV. The Hall probe has a sensitivity of 1000 mV T -1 . 1. Calculate the magnetic induction at this position, in T. 2. Calculate the current in the pipe, in A. .......................................... Q15: A horizontal conductor of length 1.6 m carrying a current is firmly fixed 50.0 cm above the ground. A second conductor of the same length is placed parallel to, and directly underneath, the first. Both conductors carry the same current in the same direction. The second conductor has a mass per unit length of 0.010 kg m -1 , and is free to move. Calculate the current (in A) which would be required in each conductor, for the second conductor to remain suspended 48.5 cm above the ground. .......................................... Q16: Two long straight conductors, placed 9.1 cm apart, carry currents of 4.5 A and 6.3 A respectively, in the same direction. A Hall probe is used to find the position in between the conductors where the magnetic induction is zero. 1. At what distance from the conductor carrying the current of 4.5 A should the Hall probe be placed, in centimetres? 2. With the Hall probe kept in the same place, the direction of the 6.3 A current is reversed. Calculate the maximum value of the magnetic induction now recorded by the Hall probe at this point, in T. (Remember to convert distances into m.) ..........................................
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Charges moving in a magnetic field
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Prerequisite knowledge • Magnetic fields and forces (Electrical phenomena topic 4). • Magnetic forces on conductors (Electrical phenomena topic 5). • Understanding of angular velocity and acceleration (Mechanics topic 3). • Understanding of centripetal acceleration and force (Mechanics topic 4). Learning Objectives After studying this topic, you should be able to: • derive and use the relationship for the magnitude of the force acting on a charge moving in a magnetic field, and state the conditions attached to this relationship; • describe the path taken by a charged particle moving in a magnetic field; • apply Newton's laws to and carry out calculations on the motion of a charged particle in a magnetic field; • analyse some situations that make use of the force acting on a charge moving in a magnetic field.
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6.1



Introduction



In the previous two topics, we have introduced the ideas of magnetic forces and fields and have looked at the forces that act on current-carrying conductors. We have also looked at the magnetic induction due to an ‘infinite' straight conductor. In this topic, we use the expression for the force acting on a current-carrying conductor to derive the relationship for the force acting on a charge moving in a magnetic field. We then consider how the directions of the velocity and the magnetic field affect this force. There are many instances of charges moving in magnetic fields. Possibly the ones that are most relevant to us in our everyday lives are in the television tube, where electrons are deflected by magnetic fields, and in the magnetron, which is at the heart of the microwave oven. The mass spectrometer, bubble chambers, and charged particle accelerators (the cyclotron) all make use of the movement of charged particles in magnetic fields. We will look at most of these applications in this topic.



6.2 !



Force on a moving charge in a magnetic field



#



Learning Objective To derive the relationship for the magnitude of the force acting on a charge moving in a magnetic field To state the conditions attached to this relationship To use the above relationship



"



We have already seen the expression for the force acting on a straight conductor carrying a current in a magnetic field. (6.1)



F = BIl sin θ ..........................................
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We can use this to derive the expression for the force on a moving charge in a magnetic field, as follows. Figure 6.1: A charge moving in a magnetic field



.......................................... Consider a charge +q that moves with a velocity v in a uniform field of magnetic induction B and in doing so covers a distance l in the direction of v in time t. This is shown in Figure 6.1. Now l = vt and the moving charge represents a current of I=



q t



If we substitute for I and l in Equation 6.1, we get F =BIl sin θ +q , (v × t) sin θ ∴ F =B t ∴ F =Bqv sin θ .......................................... In this relationship θ is the angle between B and v. perpendicular to the magnetic field is v sin θ.



(6.2)



The component of v that is



We have already seen in topic 5 how to determine the sense of the direction of the force on a current-carrying conductor in a magnetic field. Exactly the same process is used here to determine the sense of direction of the force on the moving charge. Imagine the direction of movement of the charge (in other words, the direction of v) turning round to point in the direction of the magnetic field B, through the angle θ. Using the right hand, curl the fingers round in the same way as this movement. The thumb of the right hand points in the direction of the force experienced by a positive charge. Or, © H ERIOT-WATT U NIVERSITY
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imagine an arrow pointing in the direction of the movement of the charge. Rotate this arrow towards B through the smaller angle (


.......................................... This is illustrated in Figure 6.2. If the charge is moving parallel or antiparallel to the field, as shown in Figure 6.2(a), then no magnetic force acts on the moving charge and its velocity is unchanged. If the charge is moving with a velocity that is perpendicular to the direction of the magnetic field, as shown in Figure 6.2(b), then the magnetic force experienced by the charge is a maximum. In this last case, sinθ = sin 90 ◦ = 1 and so Equation 6.2 becomes (6.3)



F = qvB .......................................... Example



An electron enters a uniform magnetic field of magnetic induction 1.2 T with a velocity of 3.0 x 106 m s-1 at an angle of 30 ◦ to the direction of the magnetic field. (a) Calculate the magnitude of the magnetic force that acts on the electron. (b) If a proton instead of an electron enters the same magnetic field with the same velocity, what difference, if any, would there be to the force experienced by the proton?



© H ERIOT-WATT U NIVERSITY



TOPIC 6. CHARGES MOVING IN A MAGNETIC FIELD



97



(a) Using Equation 6.2 we have F =Bqv sin θ ∴ F =1.2 × 1.6 × 10−19 × 3.0 × 106 × sin 30◦



∴ F =2.9 × 10−13 N



(b) Since the charge on the proton has the same magnitude as the charge on the electron, the force on the proton also has the same magnitude. The sense of the direction of the force is different, since a proton has a positive charge while an electron has a negative charge. ..........................................



6.3 !



The path of a charged particle in a magnetic field



Learning Objective To describe the path taken by a charged particle moving in a magnetic field To apply Newton's laws to, and carry out calculations on, the motion of a charged particle moving in a magnetic field



"



We have seen that if a charged particle enters a magnetic field in a direction perpendicular to the magnetic field, then the field exerts a force on the particle in a direction that is perpendicular to both the field and the velocity of the particle. Because the magnetic force is always perpendicular to the velocity, v, of the particle, this force cannot change the magnitude of the velocity, only its direction. Since the magnetic force never has a component in the direction of v, then it follows that this force does no work on the moving charge. In other words, the speed of a charged particle moving in a magnetic field does not change although its velocity does because of the change in direction. Figure 6.3: Charged particle in a magnetic field



.......................................... © H ERIOT-WATT U NIVERSITY
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Consider Figure 6.3 showing a uniform magnetic field directed into the viewing plane. (Do you remember the convention that we adopted in topic E4?) A particle that, at the bottom of the figure, has a velocity from left to right will experience a force directed to the top of the figure, as shown. Although this force has no effect on the speed of the particle, it does change its direction. Since the constant-magnitude magnetic force always acts at right angles to the velocity, it can be seen that the particle follows a circular path, with the force always directed towards the centre of the circle. We have met this type of motion before, where the force is always perpendicular to the direction of motion. It is similar to the force exerted by a rope on an object that is swung in a circle above the head. It is also the same as the gravitational force that keeps a planet or a satellite in orbit around its parent body. 2! The centripetal or radial acceleration of the particle is given by v r where r is the radius of the circular path of the particle. Using Newton's second law, we have F =ma v2 ∴ qvB =m × r mv ∴ qB = r ..........................................



(6.4)



where m is the mass of the particle. We can rearrange Equation 6.4 to find the radius of the circular path. mv r mv ∴r= qB .......................................... qB =



(6.5)



Example An electron enters a uniform magnetic field of magnetic induction 1.2 T with a velocity of 3.0 x 106 m s-1 perpendicular to the direction of the magnetic field. (a) Calculate the radius of the circular path followed by the electron. (b) If a proton instead of an electron enters the same magnetic field with the same velocity, what difference, if any, would there be to the path followed by the proton? (a) Using Equation 6.5, we have for the electron me ve qe B 9.11 × 10−31 × 3 × 106 ∴ re = 1.6 × 10−19 × 1.2 ∴ re =1.4 × 10−5 m re =
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(b) For the proton mp vp qp B 1.67 × 10−27 × 3 × 106 ∴ rp = 1.6 × 10−19 × 1.2 ∴ rp =0.026 m rp =



It can be seen that the radius of the circular path of the proton is much greater than that of the electron. This is because of the difference in masses of the two particles. What is not shown by the calculation is that the particles will rotate in opposite directions because of the difference in the sign of their charges. It is worth pointing out that Equation 6.5 only holds for charges moving with nonrelativistic velocities. A value of v of about 10% of c is usually taken as the limit for the validity of this expression. ..........................................



Charges entering a magnetic field At this stage there is an online activity. This activity shows the paths taken by charges that enter a uniform magnetic field perpendicular to the direction of the field.



10 min



A charged particle that enters a uniform magnetic field perpendicular to the direction of the field follows a circular path within the field. ..........................................



The path of a charged particle At this stage there is an online activity. This activity shows charged particle motion in a uniform magnetic field (2D). The dark grey area represents the uniform magnetic field (perpendicular to the screen). The three small blue circles are charged particles. The direction of the magnetic field is deduced from an analysis of the paths of different particles. The radii of paths can be compared for different values of q, m and v. You should understand that, in a magnetic field: 1. Particles with opposite charges rotate in opposite directions. 2. The radius of the circular path is inversely proportional to the magnitude of the charge. 3. The radius of the circular path is directly proportional to the mass of the particle. 4. The radius of the circular path is directly proportional to the velocity of the particle.
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..........................................



Extra Help: The path of a charged particle moving obliquely in a magnetic field At this stage there is an online activity which provides extra practice. ..........................................



Quiz 1 The force on a moving charge 20 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: fundamental charge e



1.6 x 10-19 C 9.11 x 10-31 kg



mass of electron mass of proton



1.67 x 10-27 kg



Q1: A proton and an electron both enter the same magnetic field with the same velocity. Which statement is correct? a) b) c) d) e)



Both particles experience the same magnetic force. The particles experience the same magnitude of force but in opposite directions. The proton experiences a larger force than the electron, in the same direction. The proton experiences a smaller force than the electron, in the same direction. The proton experiences a larger force than the electron, in the opposite direction. ..........................................



Q2: An alpha particle that has a charge of +2e enters a uniform magnetic field of magnitude 1.5 T, with a velocity of 5 x 10 5 m s-1 , perpendicular to the field. What is the magnitude of the force on the particle? a) b) c) d) e)



2.5 x 10-21 N 1.3 x 10-15 N 2.4 x 10-13 N 1.2 x 10-13 N 1.2 x 10-7 N ..........................................



Q3: Which of these bodies can move through a magnetic field without experiencing any net magnetic force? (i) a negatively-charged electron (ii) a positively-charged proton (iii) an uncharged billiard ball © H ERIOT-WATT U NIVERSITY
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a) b) c) d) e)
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(i) only (ii) only (iii) only none of them all of them ..........................................



Q4: A charged particle moves in a magnetic field only. Which statement is always true of the motion of this particle? The particle moves with a) b) c) d) e)



constant speed. constant velocity. zero acceleration. increasing acceleration. decreasing acceleration. ..........................................



Q5: A beam of electrons is bent into a circle of radius 3.00 cm by a magnetic field of magnitude 0.60 mT. What is the velocity of the electrons? a) b) c) d) e)



3.16 x 106 m s-1 1.98 x 105 m s-1 1.72 x 103 m s-1 1.08 x 102 m s-1 2.88 x 10-24 m s-1 ..........................................



6.4 !



Applications of charges moving in magnetic fields



Learning Objective To analyse some situations that make use of the force acting on a charge moving in a magnetic field



"



We are now in a position to make use of our understanding of the paths of charged particles in magnetic fields by looking at the charged particle accelerator (the cyclotron), the magnetron and the bubble chamber.



6.4.1



The cyclotron



Using Equation 6.4 we can calculate the angular speed ω of a particle moving perpendicular to a magnetic field as follows: Since ω = v/r , we have © H ERIOT-WATT U NIVERSITY
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mv r ∴ qB =mω q so ω = B m qB =



The period of revolution, T , of a particle in the field is given by 2π ω ω so f = 2π q ∴f = B 2πm .......................................... T =



(6.6)



For any particular particle its frequency f does not depend on v or r, only on B. This frequency f is known as the cyclotron frequency. The greater the kinetic energy of a particle, then the greater its radius of rotation, r. A cyclotron is a machine that is designed to accelerate massive charged particles to high energy levels and use them to bombard targets. (The technique does not work with electrons since their low mass means that they achieve near relativistic speeds before they gain sufficient kinetic energy.) Figure 6.4: The cyclotron



.......................................... Consider Figure 6.4. Ions generated by a source at the centre of the machine follow the dotted path shown. The path within each dee (so called because of its shape) is © H ERIOT-WATT U NIVERSITY
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circular because of the magnetic force acting on the ions as they move perpendicular to the magnetic field that is directed into the figure. This magnetic field does not alter the speed or the kinetic energy of the particles. An alternating potential difference with a frequency equal to the cyclotron frequency given in Equation 6.6 is applied to the dees. This sets up an electric field in the region between the dees and this electric field increases the kinetic energy of the ions as well as the radius r of their orbit, without changing their frequency. When their kinetic energy is high enough, the particles leave the region of magnetic field within the dees and travel towards the target.



The cyclotron At this stage there is an online activity. This activity shows the paths taken by charged particles in a cyclotron. The magnitude of the alternating potential difference can be changed, as can the ratio of the oscillator frequency (the frequency of the alternating potential difference) to the cyclotron frequency.



25 min



You should understand how a combination of electric and magnetic fields is used to accelerate charged particles in a cyclotron. ..........................................



6.4.2



The magnetron



The magnetron is a similar type of device to the cyclotron, only it is used to emit high frequency radiation in the microwave region. The magnetron is used as the source of radiation in some radar systems and in microwave ovens. An accelerating charge emits radiation. Electrons that are held in a vacuum chamber are made to circulate under the action of an applied magnetic field. Because of their direction change, these electrons are constantly accelerating and so are constantly losing energy. The magnetron emits radiation that has the same frequency as that of the circulating electrons. The relationship developed for the cyclotron, Equation 6.6, also applies to the magnetron.



The magnetron Microwaves of a frequency of 2450 MHz are absorbed by water molecules and are used to cook food in a microwave oven. Calculate the magnitude of the magnetic induction needed in a magnetron to give electrons this frequency of circular motion. You should be able to apply the cyclotron frequency relationship. ..........................................
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6.4.3



The bubble chamber



A bubble chamber consists of a container of superheated hydrogen that forms bubbles when it boils. The chamber is placed in a magnetic field. When charged particles pass through the bubbles in the chamber, they leave tracks in the bubbles. These tracks can be photographed and information about the charged particles can be obtained by studying the tracks. Figure 6.5: Tracks in a bubble chamber



.......................................... Three tracks can be seen in Figure 6.5. These tracks have been made by particles produced by a collision between a high energy gamma ray coming from the bottom of the diagram and an electron from one of the hydrogen atoms. The spiral tracks left by the electron and the positron (a positron is an elementary particle with the same mass as an electron, but a charge of +e) decrease in radii as these particles lose kinetic energy by successive collisions with hydrogen atoms in the bubble chamber. Tracks like this of events in bubble chambers can give physicists a lot of information about the elementary particles of matter.



Tracks in a bubble chamber 15 min



Consider the tracks produced in a bubble chamber, shown in Figure 6.5. Tracks A and B were made by the electron-positron pair created from some of the energy of the collision between a gamma ray and an electron from a hydrogen atom in the bubble chamber. The gently-curving central track C was made by the electron from the hydrogen atom. 1. Which of tracks A and B was made by the electron produced in the collision? 2. Which of tracks A and B was made by the positron produced in the collision? © H ERIOT-WATT U NIVERSITY



TOPIC 6. CHARGES MOVING IN A MAGNETIC FIELD



105



3. In which direction was the magnetic field acting? 4. Explain how the figure shows that the electron from the hydrogen atom has much more kinetic energy than the electron produced in the collision.



You should be able to interpret the tracks left by charged particles in a bubble chamber. ..........................................



Quiz 2 Applications of charges moving in a magnetic field First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: fundamental charge e



1.6 x 10-19 C 9.11 x 10-31 kg



mass of electron mass of proton



1.67 x 10-27 kg



Q6: Which of the following statements about a charge moving in a magnetic field perpendicular to the field is/are correct? (i) The magnetic field does no work on the moving charge. (ii) The magnetic field exerts a force on the charge. (iii) The magnetic field changes the direction of the charge's motion. a) b) c) d) e)



(i) only (ii) only (iii) only (ii) and (iii) only all of them ..........................................



Q7: A proton enters a uniform magnetic field of magnitude 1.2 T perpendicularly at a speed of 2 x 106 m s-1 . What is the kinetic energy of the proton when it leaves the field? a) b) c) d) e)



7.86 x 10-7 J 3.84 x 10-13 J 3.34 x 10-15 J 1.82 x 10-18 J 1.67 x 10-21 J
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.......................................... Q8: Which of the following factors influences the frequency of rotation of a charged particle in a cyclotron? (i) the charge on the particle (ii) the magnitude of the magnetic field (iii) the radius of the path of the particle a) b) c) d) e)



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



Q9: What is the name of the device that is the source of microwave radiation in a microwave oven? a) b) c) d) e)



bubble chamber charged particle accelerator cyclotron magnetron mass spectrometer ..........................................



Q10: An electron moving in a bubble chamber leaves a track that is a clockwise spiral of decreasing radius. What sort of track would a positron with the same energy leave in the same bubble chamber? a) b) c) d) e)



a clockwise spiral of increasing radius an anti-clockwise spiral of decreasing radius an anti-clockwise spiral of increasing radius a straight track no track ..........................................



6.5



Summary



In this topic we have derived the expression for the magnitude of the force on a charge moving perpendicular to a magnetic field. We have also looked at how the relative directions of the magnetic field and the velocity of the charge affect the magnitude of the force, and considered how to decide on the direction of the force. We then went on to show that the path of a charged particle that is moving in a uniform magnetic field is circular and we derived the expression for the radius of this path. Finally, we considered some applications of charges moving in a magnetic field: © H ERIOT-WATT U NIVERSITY
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• the cyclotron, defining and deriving the ‘cyclotron frequency'; • the magnetron, used in microwave ovens; • the bubble chamber, used to investigate elementary particles. By the end of this topic you should be able to: • describe the motion of charges in a magnetic field; • derive and use the relationship for the magnitude of the force acting on a charge moving in a magnetic field, F = Bqv sin θ • state the conditions attached to this relationship; • explain why a magnetic field does no work on a moving charge; • describe the path taken by a charged particle moving in a magnetic field; • apply Newton's laws to the motion of a charged particle moving in a magnetic field; • carry out calculations on the motion of a charged particle in a magnetic field; • analyse some situations that make use of the force acting on a charge moving in a magnetic field; • describe the principle of the operation of the cyclotron; • describe what a magnetron is; • describe what a bubble chamber is and what it is used for; • analyse tracks produced in a bubble chamber.



6.6



End of topic test



End of topic test At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required. Fundamental charge e



1.60 × 10-19 C



9.11 × 10-31 kg



Mass of electron m e



Q11: A proton enters a magnetic field of magnitude 1.75 × 10 -3 T with a velocity of 1.72 × 106 m s-1 at an angle of 59.5 ◦ . Calculate the magnitude of the force on the proton, in N.



.......................................... © H ERIOT-WATT U NIVERSITY
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Q12: A beam of electrons travelling at 1.53 × 10 7 m s-1 enters a magnetic field of magnitude 3.72 mT, perpendicular to the field. 1. Calculate the force, in N, on an electron while it is moving in the magnetic field. 2. Calculate the radius, in mm , of the circular path of the electrons in the field. .......................................... Q13: A charged particle has a charge-to-mass ratio of 2.22 × 10 8 C kg-1 . It moves in a circular path in a magnetic field of magnitude 0.563T. Calculate how long in seconds it takes the particle to complete one revolution. .......................................... Q14: An ion of mass kg, moving at a speed of 1 × 10 7 m s-1 , enters a uniform magnetic field of induction 0.67 T at right angles to the field. The ion moves in a circle of radius 0.31 m within the magnetic field. What is the charge on the ion, in terms of the charge on an electron? .......................................... Q15: Charged particles of mass 6.64 × 10 -27 kg and charge + 2.00 e C are accelerated in a cyclotron. The applied magnetic field has magnitude 1.19 T. 1. Calculate the frequency of revolution of the particles, in Hz (the cyclotron frequency). 2. Calculate the maximum kinetic energy in joules of the particles as they leave the influence of the magnetic field with a radius of orbit of 8.03 mm. Assume the initial kinetic energy of the particles is zero. ..........................................



Q16: The figure shows the tracks left by an electron and a positron in a bubble chamber placed in a uniform magnetic field.



1. Why are the tracks spirals which reduce in radius? The particles • • • •



are gaining energy are losing energy have charges of opposite signs are accelerating © H ERIOT-WATT U NIVERSITY
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• have charges of the same sign. 2. Why do the two spirals go in the opposite sense? The particles • • • • •



are gaining energy have charges of the same sign have charges of opposite signs are accelerating are losing energy .......................................... ..........................................
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Topic 7



Motion in a magnetic field



Contents 7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 7.2 Helical motion in a magnetic field . . . . . . . . . . . . 7.2.1 The 'magnetic bottle' . . . . . . . . . . . . . . . 7.2.2 Charged particles in the Earth's magnetic field 7.3 Charged particles in electric and magnetic fields . . . 7.3.1 Thomson's e/m experiment . . . . . . . . . . . 7.3.2 The mass spectrometer . . . . . . . . . . . . . 7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 7.5 End of topic test . . . . . . . . . . . . . . . . . . . . .
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Prerequisite knowledge • Electrical field and force (Electrical phenomena topic 1). • Charges moving in a magnetic field (Electrical phenomena topic 6). • Understanding of circular motion and periodic time (Mechanics topic 3). • Understanding of the operation of the cathode ray tube (Electrical phenomena topic 3). • Understanding of Millikan's oil-drop experiment (Electrical phenomena topic 3). Learning Objectives After studying this topic, you should be able to: • explain how the helical movement of a charged particle in a magnetic field arises; • carry out calculations on the motion of a charged particle moving with nonrelativistic velocity in a uniform magnetic field; • describe the motion of charged particles in electric and magnetic fields; • describe some applications of charged particles moving in combined electric and magnetic fields; • describe the principles of J. J. Thomson's method for measuring the charge to mass ratio of the electron.



112



TOPIC 7. MOTION IN A MAGNETIC FIELD



7.1



Introduction



We started the previous topic by deriving the expression for the force acting on a charge moving in a magnetic field. We went on to use this expression for the particular case of the charge moving at right angles to the magnetic field. Charges, however, do not always move perpendicular to magnetic fields. In this topic we are going on to develop our ideas to include what happens when a charge enters a magnetic field in a direction other than at right angles to the field. We will show that charged particles can be ‘trapped' in a non-uniform magnetic field. We will also link the ‘Northern Lights' to the movement of charged particles in the Earth's magnetic field. The movement of charged particles in combined electric and magnetic fields has many applications in Physics. We end this topic by considering two of them. In 1897 J. J. Thomson discovered the first sub-atomic particle, the electron, by measuring the charge-to-mass ratio (the specific charge) of cathode rays. Finally, we look at the operation of the mass spectrometer, used to measure the masses of ions.



7.2 !



Helical motion in a magnetic field



#



Learning Objective To explain how the helical movement of a charged particle in a magnetic field arises To carry out calculations on the motion of a charged particle moving with nonrelativistic velocity in a uniform magnetic field



"



Consider again the situation we looked at in topic 6.2 ‘Force on a moving charge in a magnetic field', where a charged particle q moves with a velocity v at an angle θ to a magnetic field B. We showed that the particle experiences a force F of magnitude F = Bqv sin θ. This force is perpendicular to the plane containing B and v and so causes circular motion. In that analysis, we ignored the component of v that is parallel to the magnetic field B. This component is v cos θ as shown in Figure 7.1. In this figure, B and v are in the x-z plane, with B in the x-direction in this plane.
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Figure 7.1: Charged particle moving in a magnetic field



.......................................... The component of the particle's velocity in the z-direction, v sin θ, perpendicular to the magnetic field that causes the circular motion, keeps the same magnitude but constantly changes direction. The component of the velocity in the x-direction, v cos θ, parallel to the magnetic field, remains constant in magnitude and direction because there is no force parallel to the field. The resulting motion of the charged particle is made up of two parts - circular motion with constant angular velocity at right angles to the magnetic field, and linear motion with constant linear velocity parallel to the magnetic field. This causes the particle to follow a helical path, with the axis of the helix along the direction of the magnetic field. This is shown in Figure 7.2. Figure 7.2: Helical path of a charged particle in a magnetic field



.......................................... © H ERIOT-WATT U NIVERSITY
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The radius of the circular path of the particle is given by mv sin θ qB .......................................... r=



(7.1)



This is the equation derived in topic 6 using the component of the velocity perpendicular to the field, v sin θ. The pitch, d, of the helix, or the distance travelled in the direction of the magnetic field per revolution, can be found as follows. (Remember from Topic 3 in Mechanics that periodic time T is the time taken to complete one revolution and it can be found from ω = 2π/T ) The speed at which the particle is moving in the x-direction is v cos θ, so d =v cos θ × T 2π ∴ d =v cos θ × ω 2πr ∴ d =v cos θ × v sin θ 2πr ∴d= tan θ ..........................................



(7.2)



Example A proton moving with a constant velocity of 3.0 x 10 6 m s-1 enters a uniform magnetic field of magnitude 1.5 T. The path of the proton makes an angle of 30 ◦ with the magnetic field as shown in Figure 7.3. Figure 7.3: Path of a proton



.......................................... (a) Describe and explain the shape of the path of the proton in the magnetic field. © H ERIOT-WATT U NIVERSITY



TOPIC 7. MOTION IN A MAGNETIC FIELD



115



(b) Calculate the radius of the path of the proton. (c) Calculate the distance travelled by the proton in the direction of the magnetic field during one revolution. (a) The path is a helical shape. This is because the proton has both circular and linear motion in the magnetic field. The circular motion is due to the component of its velocity v sin 30 ◦ perpendicular to the field. The linear motion exists because of the component v cos 30 ◦ parallel to the field. (b) To find the radius mv sin θ qB 1.67 × 10−27 × 3.0 × 106 × sin 30 ∴r= 1.6 × 10−19 × 1.5 ∴ r =0.010 m r=



(c) To find the distance travelled per revolution 2πr tan θ 2 × π × 0.010 = tan 30 =0.11 m



distance travelled (pitch) =



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



Motion of a charged particle in a magnetic field At this stage there is an online activity. This simulation illustrates nonrelativistic motion of a positively charged particle in a region containing constant, uniform electric and magnetic fields. (Electric field is zero in demo.) The activity allows the path of a positively-charged particle moving in a magnetic field to be plotted. The magnitude and direction (in 3-dimensions) of the initial velocity of the particle can be altered, as can the magnitude and direction of the magnetic field. A charged particle that enters a uniform magnetic field obliquely to the direction of the magnetic field follows a helical path. ..........................................



7.2.1



The 'magnetic bottle'



The motion of a charged particle in a non-uniform magnetic field is more complex. There are two situations of charges moving in non-uniform magnetic fields that are of interest. These are the ‘magnetic bottle' and charged particles moving in the Earth's magnetic field. If currents are passed through two coils that are placed some distance apart, the © H ERIOT-WATT U NIVERSITY
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magnetic field in the region between them is as shown in Figure 7.4. Figure 7.4: The magnetic bottle



.......................................... Charged particles moving in this magnetic field will always experience a magnetic force directed towards the centre. Hence they will spiral backwards and forwards in the magnetic field between the coils, if they have suitable speeds. This technique is used to confine charged particles that are at very high temperatures, too high for a physical container to withstand. Such an arrangement is often referred to as a ‘magnetic bottle'. For nuclear fusion to take place, temperatures in excess of 10 6 K are needed. At these high temperatures, the kinetic energy of the atoms in a gas is so high that they separate into a mixture of positive and negative ions because of collisions between atoms. This state of matter, in which a gas is completely ionised, is called a plasma or the fourth state of matter. This plasma is sometimes contained in a magnetic bottle as described above. In another type of fusion reactor, the high temperature plasma is contained in a toroidal vessel by circular magnetic fields.



7.2.2



Charged particles in the Earth's magnetic field



We have already seen that there is a non-uniform magnetic field around the Earth, caused by its molten metallic core. This magnetic field is stronger near to the poles than at the equator. The Sun emits charged particles, both protons and electrons. Some of these charged particles enter the Earth's magnetic field near to the poles and in doing so, they spiral inwards. The magnetic field of the Earth traps these charged particles in regions known as the Van Allen radiation belts (Figure 7.5). Protons with relatively high masses are trapped in the inner radiation belts, while the electrons, with lower mass and greater speed, are trapped in the outer radiation belts.
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Figure 7.5: The Van Allen radiation belts



.......................................... When they enter the Earth's atmosphere the charged particles can collide with the gases in the atmosphere. In doing so, some of their energy is emitted in the form of light. The light emitted from excited oxygen atoms is green in colour and that emitted from excited nitrogen atoms is pinkish-red. The resulting dramatic displays of coloured lights often seen dancing in the northern and southern night skies are called aurora - aurora borealis or the ‘Northern Lights' and aurora australis or the ‘Southern Lights'.



Quiz 1 Motion of charged particles in a magnetic field First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: fundamental charge e mass of electron



1.6 x 10-19 C 9.11 x 10-31 kg



Q1: A charged particle moving with a velocity v in a magnetic field B experiences a force F . Which of the quantities v, B and F are always at right angles to each other? (i) F and B (ii) F and v (iii) B and v a) (i) only © H ERIOT-WATT U NIVERSITY
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b) c) d) e)



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



Q2:



A charged particle enters a magnetic field at an angle of 60 ◦ to the field.



Which is the best description of the resulting path of the charged particle through the field? a) b) c) d) e)



circular, parallel to the magnetic field circular, perpendicular to the magnetic field helical, with the axis in the magnetic field direction helical, with the axis at 60◦ to the magnetic field straight through the field ..........................................



Q3: An electron moving with a constant velocity of 2.0 x 10 6 m s-1 enters a uniform magnetic field of value 1.0 T. The path of the electron makes an angle of 30 ◦ with the direction of the magnetic field. What is the radius of the resulting path of the electron? a) b) c) d) e)



8.24 x 10-5 1.97 x 10-5 1.14 x 10-5 6.56 x 10-6 5.69 x 10-6



m m m m m ..........................................



Q4: a) b) c) d) e)



What is the name given to the fourth state of matter? bubbles gas liquid plasma solid ..........................................



Q5: What is the name given to the regions around the Earth where charged particles can become trapped? a) b) c) d) e)



aurora ionosphere northern lights stratosphere Van Allen belts ..........................................
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7.3 !



Charged particles in electric and magnetic fields



Learning Objective To describe the motion of charged particles in electric and magnetic fields To describe some applications of charged particles moving in combined electric and magnetic fields



"



We have seen in Topic 3 that a particle of charge +q placed in an electrical field of magnitude E, experiences a force of magnitude qE, in the direction of the electric field. Remember that the particle does not have to be moving to experience this force. This situation is shown in Figure 7.6(a). Figure 7.6: Charged particle in electric and magnetic fields



.......................................... The same particle, when moving with a velocity v perpendicular to a magnetic field of magnitude B, experiences a force of magnitude Bqv, perpendicular to both the field and the direction of movement of the particle. This is shown in Figure 7.6(b). If we now combine both the electric and the magnetic fields, as shown in Figure 7.7, it is possible to arrange the magnitudes of both fields so that the particle experiences no resultant force while moving through the combined fields. If this is the case, the particle will continue to move in the same direction with the same velocity (by the application of Newton's first law of motion).
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Figure 7.7: Charged particle moving in combined fields



.......................................... For this to happen, the electric force downwards must balance the magnetic force upwards and so qE =Bqv E ∴v= B ..........................................



(7.3)



This shows us that only those particles moving with a speed of E/B will be undeflected, and will pass straight through the combined fields. By suitable choice of the magnitudes of the electric and magnetic fields, particles of any velocity can be selected, hence the name for this arrangement of crossed electric and magnetic fields - the velocity selector. Since q cancels out in Equation 7.3, and the mass of the particle never entered into it, the velocity selector works equally well for all charged particles, with positive or negative charges and of any mass. In the case of negatively charged particles, such as electrons, FE and FM still balance each other out, although both act in the opposite directions to those shown in Figure 7.7. In most situations, the magnitudes of the two fields are known, so the velocity selector as described can be used to measure the velocity of a charged particle. This is usually done by allowing the charged particles to pass through a known electric field in a tube similar to the cathode ray tube described in Topic 3, with no magnetic field present. A magnetic field is then applied and adjusted to restore the beam of particles to the null deflection position. The velocity of the particles is then calculated from a knowledge of E and B using Equation 7.3. Example A beam of electrons is passed through an electric and a magnetic field arranged so as to produce no deflection of the beam. The electric field has a magnitude of 7.80 x 103 N C-1 and the magnetic field has a magnitude of 2.32 x 10 -3 T. (a) Are the fields parallel or perpendicular to each other? © H ERIOT-WATT U NIVERSITY
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(b) Calculate the speed of the electrons in the beam for null deflection. (a) The fields are perpendicular to each other (and to the direction of movement of the beam). (b) For no deflection of the electrons E B 7.80 × 103 ∴v= 2.32 × 10−3 ∴ v =3.36 × 106 m s - 1 v=



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



The velocity selector At this stage there is an online activity. This activity shows the paths of charged particles moving in combined electric and magnetic fields. By altering the magnitude of the magnetic field, the particles can be made to move in a straight line. This allows their velocity to be calculated. You should be able to apply the expression v = E/B to calculate the velocity of charged particles moving in a straight line through combined electric and magnetic fields. ..........................................



7.3.1



Thomson's e/m experiment



In the latter years of the nineteenth century, the existence of sub-atomic particles was suspected, but it fell to J.J. Thomson to prove the existence of the electron by measuring the specific charge (the charge-to-mass ratio) of the particles that make up a beam of cathode rays. He did it in a way similar to that now described. Using a highly evacuated glass container, he produced and accelerated a beam of cathode rays. These cathode rays were then passed through a region of crossed electric and magnetic fields. A similar type of apparatus is shown in Figure 7.8.
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Figure 7.8: Apparatus suitable for measuring specific charge



+ + + +



-



-



-



-



.......................................... The procedure adopted is as follows. In the absence of both electric and magnetic fields, note the position O where the beam strikes the screen. Apply a magnetic field of known magnitude B to deflect the beam to position P. Note this vertical deflection. With the magnetic field still applied, apply an electric field, E. Adjust the magnitude of this electric field until the beam again strikes position O on the screen. For this condition, the velocity, v, of the particles in the beam can be calculated using Equation 7.3. While the magnetic field only is applied, the beam travels in straight lines before and after entering the magnetic field. In the region of the magnetic field the beam moves in an arc of a circle of radius r under the action of the centrally-directed magnetic force, so mv 2 F = Bev = r e v ∴ = m Br and since v = E/B (from Equation 7.3), we have e E = 2 m B r Since E and B are known and r can be found from a knowledge of the geometry of the equipment, the ratio e/m can be measured. The real significance of Thomson's discovery is that he found that the ratio e/m is independent of the type of material used for the cathode, and all the other factors in the experiment. He therefore concluded, correctly, that the cathode rays are composed of particles that are fundamental to all matter - electrons. Thomson also found that the speed of these particles is approximately one tenth that of the speed of light, the fastest speed observed at that time. It is worth noting that, significant as it is, Thomson's work did not allow the actual charge or mass of the electron to be calculated. It was not until 1913 that the charge of an electron was measured by the American physicist, Robert Millikan in his oil-drop © H ERIOT-WATT U NIVERSITY
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experiment. (This was described in Topic 3 in Electrical phenomena.)



7.3.2



The mass spectrometer



A mass spectrometer uses the principles described to measure the masses of charged particles. Mass spectrometers are used in physics to determine the relative abundance of different isotopes, in chemistry to identify molecules produced in chemical reactions, and by anaestheologists to analyse the gases present in the lungs of a patient. One form of mass spectrometer, known as a Bainbridge mass spectrometer, is shown in Figure 7.9. Figure 7.9: The Bainbridge mass spectrometer



.......................................... Ions from the gas to be analysed are passed through the velocity selector and then enter a region of magnetic field only. In this region, the ions follow a circular path, with radius given by Equation 7.1 for θ = 90◦ . r=



mv qB



If we assume that each ion carries unit charge and B is kept constant, then it can be seen that r is proportional to m and so ions of different masses strike the photographic plate at different places. This allows the atomic masses to be calculated. In another form of mass spectrometer, shown in Figure 7.10, ions of the gas to be analysed are accelerated by a potential V .
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Figure 7.10: Mass spectrometer



.......................................... If we again assume that each ion carries unit charge, then the ions will have final velocities given by



v=



)



2eV m



On entering the region of magnetic field, the ions (this time with velocities related to their masses) again follow circular paths. The masses of the ions can be calculated as follows r= ∴r=



mv eB* m



2eV m



' eB2 ( er m= B2 2V



In this type of instrument, r is constant since the detector is a fixed distance from the entry point. If the accelerating potential is kept constant, the mass of the ions reaching the detector varies as B 2 . In use, B is varied and a plot of B 2 against the detector output gives the relative abundance of ions of different atomic masses.



The mass spectrometer At this stage there is an online activity. 30 min



This activity allows you to simulate the use of a mass spectrometer with the element of your choice to see how the relative atomic mass of isotopes is calculated. © H ERIOT-WATT U NIVERSITY
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You should be able to calculate the relative atomic mass of isotopes using a mass spectrometer. ..........................................



Quiz 2 Charged particles in electric and magnetic fields First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q6: Charged particles with different velocities are passed through a velocity selector that has an electric field of magnitude 3.00 x 10 6 N C-1 and a magnetic field of magnitude 0.820 T. Calculate the velocity of the particles selected. a) b) c) d) e)



1.34 x 107 1.10 x 107 4.46 x 106 3.66 x 106 1.91 x 104



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



Q7: Particles with a particular charge, mass and velocity pass undeviated through a velocity selector. Which of the following changes would not cause deviation of different particles in the same velocity selector? A change to the a) b) c) d) e)



mass of the particles only. velocity of the particles only. mass and velocity of the particles only. charge and velocity of the particles only. charge, mass and velocity of the particles. ..........................................



Q8: J. J. Thomson's experiment on cathode rays measured the a) b) c) d) e)



charge on an electron. charge on different isotopes. mass of an electron. mass of different isotopes. specific charge of an electron.
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.......................................... The accelerating potential, V , in a Thomson e/m experiment is increased. Which of the following quantities increase as a result? (i) The velocity of the electrons. (ii) The electric force acting on the electrons. (iii) The magnetic force acting on the electrons. Q9:



a) b) c) d) e)



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



Q10: Which of the following is not a use for a mass spectrometer? a) b) c) d) e)



to measure the mass of an ion to measure the specific charge of an electron to determine the relative abundance of different isotopes to identify molecules produced in chemical reactions to analyse the gases present in the lungs of a patient ..........................................



7.4



Summary



In this topic we explained how the helical motion of a charged particle in a uniform magnetic field arises by considering the components of its motion parallel to and perpendicular to the field. The motion parallel to the field has constant velocity, while that perpendicular to the field is uniform circular motion. We then went on to consider the motion of charged particles in non-uniform magnetic fields, starting with the movement of particles in the Earth's magnetic field which gives rise to aurora. Different ways of confining matter composed of charged particles (plasma) using non-uniform magnetic fields were then studied. Finally, we considered some applications of charges moving in combined electric and magnetic fields: • the velocity selector; • J. J. Thomson's method for measuring the charge to mass ratio of the electron; • the mass spectrometer.
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By the end of this topic you should be able to: • state specific examples of the motion of charges in magnetic fields; • explain how the helical movement of a charged particle in a magnetic field arises; • carry out calculations on the motion of a charged particle moving with non-relativistic velocity in a uniform magnetic field; • describe the movement of charged particles in a non-uniform magnetic field; • state what is meant by the Van Allen radiation belts; • explain how aurora are formed; • describe the motion of charged particles in combined electric and magnetic fields; • describe some applications of charged particles moving in combined electric and magnetic fields; • explain how a velocity selector works; • describe the principles of J. J. Thomson's method for measuring the charge to mass ratio of the electron; • describe the operation of the mass spectrometer.



7.5



End of topic test



End of topic test At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required. Fundamental charge e Mass of an electron me Mass of an proton mp



1.60 × 10-19 C



9.11 × 10-31 kg 1.67 × 10-27 kg



Q11: An electron travelling at velocity 3.1 × 10 5 m s-1 enters a uniform magnetic field at an angle of 50 ◦ , as shown below.



The electron travels in a helical path in the magnetic field, which has induction B = 4.5 × 10-3 T. © H ERIOT-WATT U NIVERSITY
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1. Calculate the radius of the helix, in m. 2. Calculate the pitch of the helix, in m. .......................................... Q12: A proton travelling horizontally at 4.2 × 10 6 m s-1 enters a uniform electric field E. The field acts vertically, and has field strength 820 N C -1 Calculate the magnitude of the magnetic field (in T), acting orthogonally to the electric field and the proton's motion, which would be necessary to keep the proton moving in a straight, horizontal line. .......................................... Q13: In a mass spectrometer an ion of mass 3.6 × 10 -26 kg and charge e moves in a semicircle of radius 0.57 m as it travels in a magnetic field of induction 650 mT. 1. Calculate the speed at which the ion is travelling, in m s -1 . 2. Calculate the potential (in V) through which the ion had been accelerated prior to entering the magnetic field. .......................................... Q14: An electron is emitted from a cathode with negligible kinetic energy. The electron is accelerated through a potential of 50 V before it enters a uniform magnetic field, travelling perpendicular to the field lines. The magnetic field strength is 1.4 × 10 -4 T. 1. Calculate the radius of the electron's orbit in the magnetic field, in m. 2. What is the magnitude of the electric field, in N C -1 , applied perpendicular to the magnetic field and the original direction of the electron's motion, that would keep the electron moving in a straight path as it crosses the magnetic field? .......................................... Q15: Charged particles with a range of velocities are passed through a velocity selector. The selector has crossed electric and magnetic fields, of field strengths 5250 N C -1 and 2.05 mT respectively. Calculate the velocity of the particles selected, in m s-1 . .......................................... Q16: Consider an electron travelling in a straight line at constant speed. The electron enters a uniform magnetic field. The electron travels straight through the field, changing neither its direction nor its speed. Which one of the following statements is true? a) The electron is travelling at right angles to the magnetic field. b) The electron is travelling parallel to the magnetic field. c) The electron must be moving at a relativistic speed. d) This situation cannot arise - it is impossible for an electron to travel in a magnetic field without its direction or speed being altered. .......................................... © H ERIOT-WATT U NIVERSITY
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Q17: Consider an electron travelling in a straight line at constant speed. The electron enters a uniform electric field. The electron travels straight through the field, changing neither its direction nor its speed. Which one of the following statements is true? a) The electron is travelling at right angles to the electric field. b) The electron is travelling parallel to the electric field. c) The electron must be moving at a relativistic speed. d) This situation cannot arise - it is impossible for an electron to travel in a electric field without its direction or speed being altered. ..........................................
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Inductors and inductance
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Prerequisite knowledge • Magnetic fields (Electrical phenomena topic 4). • Energy and power in an electric circuit. Learning Objectives By the end of this topic you should be able to: • explain why an e.m.f. is induced in a conductor moving through a magnetic field; • explain why an e.m.f. is induced in a coil when the current through it is varying; • calculate the energy stored in an inductor.
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8.1



Introduction



Cassette players and airport metal detectors are two modern appliances that rely on electromagnetic induction for their operation. In this topic (and the following one) we will be studying electromagnetic induction. We will see why a changing magnetic field can induce an e.m.f. in a conductor, and investigate different ways of producing an induced current. Many different applications of this effect will be described over the next two topics.



8.2 !



Magnetic flux and induced e.m.f.



#



Learning Objective



"



$



To understand why an e.m.f. is induced in a conductor moving in a magnetic field



There are four subsections in this part: • Magnetic flux and solenoids • Induced e.m.f. in a moving conductor • Cassette players • Faraday's law and Lenz's law.



8.2.1



Magnetic flux and solenoids



Before we look at induction, we will first review some essential points concerning magnets and magnetic fields. An important concept is magnetic flux. We can visualise the magnetic flux lines to indicate the strength and direction of a magnetic field, just as we have used field lines to represent electrical or gravitational fields. The magnetic flux φ passing through an area A perpendicular to a uniform magnetic field of strength B is given by the equation (8.1)



φ = BA ..........................................



where φ is the flux density in T m2 (or weber, Wb). While you do not need to remember this equation, the idea of magnetic flux is a useful one in understanding inductance. Another idea that you should have met before is the magnetic field associated with a current-carrying coil, otherwise known as a solenoid. The magnetic field strength inside an air-filled cylindrical solenoid depends on the radius and length of the coil, and the number of turns of the coil. The direction of the magnetic field depends on the direction of the current, as shown in Figure 8.1.
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Figure 8.1: Solenoids - the direction of the current tells us the direction of the magnetic field



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



8.2.2



Induced e.m.f. in a moving conductor



In previous topics we have studied the force exerted on a charge moving in a magnetic field, such as a charged particle in a mass spectrometer or the Hall effect in a currentcarrying conductor. We begin this Topic by looking at how this force can induce an e.m.f. in a conductor. Any metallic conductor contains ‘free' electrons that are not strongly bonded to any particular atom. When an e.m.f. is applied, these electrons drift along in the conductor, this movement of charges being what we call an electric current. We have used the equation F = IlB sin θ to calculate the force on a conductor placed in a magnetic field when a current is present. Consider now what happens when a rod of metal is made to move in a magnetic field. Figure 8.2: Metal rod moving at right angles to a magnetic field



.......................................... In Figure 8.2, a magnetic field acts into the diagram. As the conductor is moved from left to right, each free electron is a charged particle moving at right angles to a magnetic field. The force on each electron acts towards the bottom of the diagram, so electrons will drift that way, leaving a net positive charge behind. (Remember that the movement of electrons from top to bottom is equivalent to a conventional current in the opposite © H ERIOT-WATT U NIVERSITY
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direction.) Thus there is a net positive charge at the top end of the rod and a net negative charge at the bottom. This means there will be a potential difference between the ends of the rod. A force will act on the charges in a conductor whenever a conductor moves across a magnetic field. We usually state that this occurs whenever a conductor crosses magnetic flux lines, as there is no induced voltage when the conductor moves parallel to the magnetic field. If the conductor is connected to a stationary circuit, as shown in Figure 8.3, then a current I is induced in the circuit. Figure 8.3: Current due to the induced e.m.f



.......................................... You should note that the induced e.m.f. occurs when there is relative motion between the magnetic field and a conductor, so we can have a stationary conductor and a moving magnetic field. An example of this is the e.m.f. induced when a magnet is moved in and out of a coil, as shown in Figure 8.4. Figure 8.4: Induced e.m.f. causing a current to appear in a coil when the magnet is moved up and down



.......................................... As the magnet is moved in and out of the coil, the induced e.m.f. causes a current. The direction of the current changes as the direction of the magnet's movement changes. If the magnet is stationary, whether inside or outside the coil, no current is detected. The induced e.m.f. only appears when there is relative movement between the coil and the magnet. In fact, it is the change of magnetic flux that causes the induced e.m.f., and the magnitude of the induced e.m.f. is proportional to the rate of change of magnetic flux. This means that if the magnetic field strength is changing, an e.m.f. is induced in a conductor placed in the field. So an e.m.f. can be induced by changing the strength of a © H ERIOT-WATT U NIVERSITY
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135



magnetic field without needing to physically move a magnet or a conductor. This is the effect we will be studying in the remainder of this topic.



8.2.3



Cassette players



We have just described how a moving magnet can induce a current in a coil. Exactly the same principle is used in the playback head of a cassette player. The tape in a pre-recorded cassette is magnetised, and is effectively a collection of very short bar magnets spaced along the tape. The head consists of an iron ring with a small gap, under which the tape passes. As the tape passes under the ring, the ring becomes magnetised, the direction and strength of the field in the ring constantly changes as the tape passes under it. A coil of wire wound around the top of the ring is connected to an amplifier circuit. As the magnetic field in the ring changes, a current is induced in the coil. It is this electrical signal that is amplified and played through the speakers.



8.2.4



Faraday's law and Lenz's law



Electromagnetic induction was investigated independently by the English physicist Michael Faraday and the German physicist Heinrich Lenz in the mid-19th century. The laws which bear their names tell us the magnitude and direction of the induced e.m.f. produced by electromagnetic induction. Faraday's law of electromagnetic induction states that the magnitude of the induced e.m.f. is proportional to the rate of change of magnetic flux through the coil or circuit. Lenz's law states that the induced current is always in such a direction as to oppose the change that is causing it. These two laws are summed up in the relationship dφ dt .......................................... e∝−



(8.2)



where e is the induced e.m.f. Lenz's law is essentially a statement of conservation of energy: to induce a current, we have to put work into a system. Looking back at Figure 8.4, Faraday's law tells us that the faster we move the magnet up and down, the larger the induced e.m.f. will be. A current around a coil produces its own magnetic field (see Figure 8.1), and Lenz's law tells us that this field will cause a force that will oppose the motion of the bar magnet towards the coil. Similarly, when the bar magnet is being removed from the coil, the induced current causes an attractive force on the bar magnet, again opposing its motion.
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8.3 !



Eddy currents



#



Learning Objective To explain the formation of eddy currents To describe some practical examples and uses of eddy currents



"



Consider a metal disc rotating about its centre, as shown in Figure 8.5. Figure 8.5: Rotating metal disc with a magnetic field acting on a small part



.......................................... We will consider a magnetic field acting at right angles to the disc, but only acting over a small area. If the direction of the flux lines is into the disc, and the disc is rotating clockwise, then there will be an induced current in the region of the magnetic field. This induced current is shown in Figure 8.6. Figure 8.6: Eddy currents inside (solid line) and outside (dashed line) the magnetic field.



.......................................... Because the field is only acting on part of the disc, charge will be able to flow back in the regions of the disc that are outside the field (shown as dashed lines in Figure 8.6). Thus eddy currents are induced in the disc. Note that in the region of the field, the charge is all flowing in one direction (solid lines), and the force that acts because of this is in the opposite direction to the rotation of the disc.
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8.3.1



Electromagnetic braking



Lenz's law tells us that an induced current always opposes the change that is causing it. This means that eddy currents can be used to supply electromagnetic braking. Consider the induced current in a localised field acting on part of a freely spinning disc, as shown in the solid lines in Figure 8.6. The eddy currents in the part of the disc within the magnetic field cause a force to act on the disc in the opposite direction to the rotation of the disc. The currents in the opposite direction (dashed lines) are outside the field, so do not contribute a force. Thus a net force opposing the motion acts on the disc, slowing it down. This effect is used in circular saws, to bring the saw blade to rest quickly after the power is turned off. The same effect is used as the braking system in electric rapid-transit trains. Another application of electromagnetic braking is in moving-coil meters (see Topic 4) to provide damping. Without damping, a current through the meter sets the coil swinging, and it will take a long time to come to rest at the position where the measurement is being taken. To provide damping, the coil can be wound onto an aluminium frame called a former. When the coil moves, eddy currents are induced in the former. Lenz's law tells us that these currents oppose the motion of the former. Oscillations around the measurement position are greatly reduced, and the coil takes much less time to become stationary.



8.3.2



Generators



A dynamo generates electricity by rotating a coil or a metal wheel (the armature) in a magnetic field. As well as generating useful energy, eddy currents provide an opposing force that reduces the efficiency of the dynamo. The faster the armature spins, the more useful energy is generated, but the more work has to be done to spin the dynamo against the opposing forces. The solution to this problem is to use a laminated armature, consisting of thin layers of metal separated by insulating material. Figure 8.7 shows such an armature. Figure 8.7: Laminated armature core



.......................................... In a solid metal armature, eddy currents travel along the length of the armature, causing © H ERIOT-WATT U NIVERSITY
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a force that opposes the rotation. By sandwiching thin layers of an insulator between the metal sheets, these currents cannot build up. As a result, there is less of an opposing force, making the generation of electricity more efficient.



8.3.3



Induction heating



Eddy currents can lead to a large amount of energy being lost in electric motors through induction heating. The power dissipated when there is a current I through a resistor R is equal to I 2 R, so large currents can lead to a lot of energy being transferred as heat energy. In large dynamos in power stations, for example, this can make the generation of useful energy very inefficient. The laminated dynamos described earlier reduce eddy currents and hence reduce induction heating. It should be mentioned that induction heating is not always undesirable. In fact, it is used in circumstances where other forms of heating are impractical, such as the heat treatment of metals - welding and soldering. A piece of metal held in an electrical insulator can be heated to a very high temperature by the eddy currents. No eddy current is induced in the insulator, so it will remain cool.



8.3.4



Metal detectors



An airport metal detector uses eddy currents to generate a magnetic field, and it is this field that is actually detected. Figure 8.8: Schematic of an airport metal detector



.......................................... Each passenger passes between two coils . The steady current I in the transmitter coil creates a magnetic field B (Figure 8.8(a)). If a passenger walking between the coils is carrying a metal object, then eddy currents are induced in the object, and these currents © H ERIOT-WATT U NIVERSITY
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in turn produce their own (moving) magnetic field. This new magnetic field induces a current I & in the receiver coil (Figure 8.8(b)), triggering the alarm.



8.3.5



Levitation of superconductors



Another effect of eddy currents is the levitation of a superconductor in a magnetic field. To explain this effect, we first need to understand a little about superconductivity. This effect, first observed by the Dutch physicist H. K. Onnes in 1911, is one that occurs at very low temperatures, at which certain metals and compounds have effectively zero electrical resistance. For many years, superconductivity could only be observed in materials cooled below the boiling point of helium, which is 4 K. In recent years, huge worldwide research activity has resulted in the development of compounds that can remain superconducting up to the boiling point of nitrogen (77 K). As well as exhibiting zero electrical resistance, a superconducting material also has interesting magnetic properties. A piece of superconductor placed in a magnetic field will distort the field lines, so that the magnetic field inside the superconductor is zero. Figure 8.9 shows a metal sphere and a superconducting sphere in a uniform magnetic field. Figure 8.9: (a) Uniform magnetic field; (b) iron sphere placed in the field; (c) superconducting sphere placed in the field



.......................................... We are considering a uniform magnetic field B, shown in Figure 8.9(a). The magnetic field strength inside an iron sphere, for example, (Figure 8.9(b)) is enhanced. On the other hand, a superconductor placed in the field (Figure 8.9(c)) distorts the field so that no field lines can enter it. The magnetic field inside the superconductor is therefore zero. We can explain this phenomenon in terms of eddy currents. When the superconductor is moved into the magnetic field, eddy currents are induced on its surface. Lenz's law states that these currents will create a magnetic field opposing the external field. Since there is no electrical resistance in a superconductor, the eddy currents will continue even when the superconductor is stationary in the field. The magnetic field due to the eddy currents is in the opposite direction to the external magnetic field, with the result that the external magnetic field cannot penetrate into the superconductor. Since magnetic field © H ERIOT-WATT U NIVERSITY
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lines cannot be broken, the lines must continue outside the superconductor. We can see this effect by placing a superconductor in the field of a permanent magnet. Let us first think about what happens if we place a piece of iron near a permanent magnet. The magnetic domains within the piece of iron arrange themselves in the direction of the magnetic field lines, and the resulting attractive force draws the piece of iron towards the magnet. The opposite happens to a piece of superconductor. Lenz's law means that the magnetic field due to the eddy currents in the superconductor opposes the field due to the permanent magnet, and a repulsive force exists between the two. We can observe magnetic levitation if we position the superconductor above the magnet, as the force of gravity acting down on the magnet can be balanced by the magnetic repulsion acting upwards.



Levitating superconductor 15 min



At this stage there is a video clip which shows a demonstration of magnetic levitation. A piece of superconductor, cooled with liquid nitrogen, is suspended above a permanent magnet. A superconductor in a magnetic field repels the field lines, so that the magnetic field inside a superconductor is zero. ..........................................



Quiz 1 Induced e.m.f. and eddy currents 15 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q1: a) b) c) d) e)



What are the units of magnetic flux? T T m-1 T m-2 Tm T m2 ..........................................



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



A potential difference can be induced between the ends of a metal wire when it is moved parallel to a magnetic field. moved across a magnetic field. stationary in a magnetic field. stationary outside a solenoid. stationary inside a solenoid. .......................................... © H ERIOT-WATT U NIVERSITY
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Q3: Lenz's law states that a) the induced e.m.f. in a circuit is proportional to the rate of change of magnetic flux through the circuit. b) the magnetic field in a solenoid is proportional to the current through it. c) magnetic flux is equal to the field strength times the area through which the flux lines are passing. d) the induced current is always in such a direction as to oppose the change that is causing it. e) the induced current is proportional to the magnetic field strength. .......................................... Q4: Which one of the following statements is true? a) b) c) d) e)



Eddy currents are present only in the region where a magnetic field is acting. Eddy currents cause a force to act in the direction of the motion that is causing them. Eddy currents reduce the efficiency of dynamos generating electricity. Eddy currents can be present in insulators as well as conductors. Since eddy currents can be present in all directions, they cannot produce a net force on a conductor. ..........................................



Q5: Which one of the following does not rely on eddy currents for its operation? a) b) c) d) e)



electromagnetic braking the dynamo the induction heater an airport metal detector magnetic levitation ..........................................



8.4 !



Inductors and self-inductance



Learning Objective



"



To describe the action of an inductor



This topic has three parts: • Self-inductance • Energy stored in an inductor • Linear induction motor.



8.4.1



Self-inductance



A coil (or inductor, as we shall see) in an electrical circuit can be represented by either of the symbols shown in Figure 8.10. © H ERIOT-WATT U NIVERSITY
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Figure 8.10: Circuit symbols for (a) an air-cored inductor; (b) an iron-cored inductor



.......................................... Let us consider a simple circuit in which a coil of negligible resistance is connected in series to a d.c. power supply and a resistor (Figure 8.11). Figure 8.11: Coil connected to a d.c. power supply



.......................................... When a steady current is present, the magnetic field in and around the coil is stable. When the current changes (when the switch is opened or closed), the magnetic field changes and an e.m.f. is induced in the coil. This e.m.f. is called a self-induced e.m.f., since it is an e.m.f. induced in the coil that is caused by a change in its own magnetic field. The effect is known as self-inductance. We know from Equation 8.2 that the induced e.m.f. e is proportional to the rate of change of magnetic flux. Since the rate of change of the magnetic flux in a coil is proportional to the rate of change of current, we can state that dφ dt dI ∴e∝− dt .......................................... e∝−



(8.3)



The constant of proportionality in Equation 8.3 is the inductance L of the coil. The inductance depends on the coil's size and shape, the number of turns of the coil, and whether there is any material in the centre of the coil. A coil in a circuit is called a selfinductor (or more usually just an inductor). The self-induced e.m.f. e in an inductor of inductance L is given by the equation dI dt .......................................... e = −L



(8.4)



© H ERIOT-WATT U NIVERSITY



TOPIC 8. INDUCTORS AND INDUCTANCE



143



In Equation 8.4, dI/dt is the rate of change of current in the inductor. The SI unit of inductance is the henry (H). From Equation 8.4 we can see that an inductor has an inductance L of 1 H if an e.m.f. of 1 V is induced in it when the current is changing at a rate of 1 A s-1 . Note that there is a minus sign in Equation 8.4, consistent with Lenz's law. The self-induced e.m.f. always opposes the change in current in the inductor, and for this reason is also known as the back e.m.f..



8.4.2



Energy stored in an inductor



Let us return to Figure 8.11 and consider an ideal inductor - one with negligible resistance. When the switch is closed, the current in the inductor increases from zero to some final value I. Work is done by the power supply against the back e.m.f., and this work is stored in the magnetic field of the inductor. We will now find an expression to enable us to calculate how much energy U is stored in the magnetic field. You should already be aware that if a potential difference V exists across a component in a circuit when a current I is present, then the rate P at which energy is being supplied to that component is given by the equation P = V × I (where P is measured in W, equivalent to J s-1 ). If the current is varying across an inductor, then we can use Equation 8.4 and substitute for the potential difference P =V ×I dI ×I ∴P =L dt (Since we are only concerned with the magnitude of the potential difference, we have ignored the minus sign when making this substitution.) P is the rate at which energy is being supplied, so we can substitute for P = dU/dt dI dU = LI dt dt ∴ dU = LIdI Integrating over the limits from zero to the final current I $ ∴



$



U



dU = 0



$



LIdI



0



U



dU = L 0



I



$



I



IdI



0



1 ∴ U = LI 2 2 ..........................................
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Example A 2.0 H inductor is connected into a simple circuit. If a steady current of 0.80 A is present in the circuit, how much energy is stored in the magnetic field of the inductor? Using Equation 8.5 1 2 LI 2 1 ∴ U = × 2 × 0.802 2 ∴ U = 0.64 J U=



.......................................... The energy stored in the magnetic field of an inductor can itself be a source of e.m.f. When the current is switched off, there is a change in current so a self-induced e.m.f. will appear across the inductor opposing the change in current. The energy used to create this e.m.f. comes from the energy that has been stored in the magnetic field.



8.4.3



Linear induction motor



The linear induction motor is a device at the heart of a new system of transport - the magnetic levitation or maglev train. A maglev train uses magnetic levitation to float above a special track, and an induction motor to propel itself. Magnetic levitation causes the train to float. The train also needs a way to propel itself forward. One method is by using a linear induction motor. In this system, the electromagnets along the length of the train are turned on and off in succession, creating a ‘wave' of magnetism. The varying magnetic fields induce electric currents in the rail, which by Lenz's law produce a magnetic wave that repels the other magnetic wave. It is this magnetic repulsion that drives the train along.



Demountable transformer 15 min



At this stage there is a video clip which shows quite dramatically how a rapidly-changing current induces a large e.m.f. This clip shows a coil connected to a power supply. A vertical metal rod passes through the centres of the coil and a metal ring which has been placed above the coil. As the video plays, the (a.c.) current through the coil is slowly increased from zero up to a maximum value, then back down to zero. The power supply is then switched off. With the power supply still off, the current is set to its maximum value, then the supply is switched back on. The ring is not connected to any other component, so it is free to move up and down the vertical rod. The induced e.m.f. is proportional to the rate of change of current. ..........................................
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Quiz 2 Self-inductance First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q6: The current in an inductor is changing at a rate of 0.072 A s -1 , producing a back e.m.f. of 0.021 V. What is the inductance of the inductor? a) b) c) d) e)



0.0015 H 0.29 H 3.4 H 4.1 H 670 H ..........................................



Q7: The steady current through a 0.050 H inductor is 200 mA. What is the self-induced e.m.f. in the inductor? a) b) c) d) e)



0V -0.010 V -0.25 V -4.0 V -100 V ..........................................



Q8: Which one of the following statements is true? a) When the current through an inductor is constant, there is no energy stored in the inductor. b) Faraday's law does not apply to self-inductance. c) A back e.m.f. is produced whenever there is a current through an inductor. d) The self-induced e.m.f. in an inductor always opposes the change in current that is causing it. e) The principle of conservation of energy does not apply to inductors. .......................................... Q9: How much energy is stored in the magnetic field of a 4.0 H inductor when the current through the inductor is 300 mA? a) b) c) d) e)



0.18 J 0.36 J 0.60 J 0.72 J 2.4 J ..........................................
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Q10: An inductor stores 0.24 J of energy in its magnetic field when a steady current of 0.75 A is present. If the resistance of the inductor can be ignored, calculate the inductance of the inductor. a) b) c) d) e)



0.10 H 0.41 H 0.43 H 0.85 H 1.2 H ..........................................



8.5



Summary



In this topic we have seen that an e.m.f. can be induced in a conductor in a magnetic field when the magnetic flux changes. Thus an e.m.f. can be induced when a conductor moves across a magnetic field; when a magnet moves near to a stationary conductor; or when the strength of a magnetic field changes. Electromagnetic induction has many practical uses. Devices such as a cassette player and an airport metal detector rely on electromagnetic induction for their operation. A coil in a circuit is called a self-inductor or just an inductor. Since work is done against the back e.m.f. in establishing a current in an inductor, there is energy stored in its magnetic field whilst a current is present in an inductor. By the end of this topic you should be able to: • state Faraday's law and Lenz's law, and explain why an e.m.f. is induced in a conductor moving in a magnetic field; • explain the production of eddy currents, and describe some situations in which eddy currents occur; • explain the production of an induced e.m.f. across a coil when the current through it is varying; • state that an inductor of inductance one henry will induce an e.m.f. of one volt when the current through it is changing at a rate of one ampere per second; • state and use the equation dI dt and explain why a minus sign appears in this equation; e = −L



• state that the work done in building up the current in an inductor is stored in the magnetic field of the inductor, and that this energy is given by the equation 1 U = LI 2 2
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End of topic test



End of topic test At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required. Fundamental charge e Mass of an electron m e Mass of an electron m p



1.60 × 10-19 C



9.11 × 10-31 kg 1.67 × 10-27 kg



Q11: The current through a 0.55 H inductor is changing at a rate of 14 A s -1 . Calculate the magnitude of the emf induced in the inductor, in V .......................................... Q12: A 3.5 H inductor of negligible resistance is connected to a circuit in which the steady current is 420 mA. Calculate the energy stored in the magnetic field of the inductor, in J. .......................................... Q13: Which of the following is equivalent to one henry? a) 1 A V-1 s-1 b) 1 V s A-1 c) 1 V A-1 s-1 d) 1 A V s-1 .......................................... Q14: Consider the circuit below, in which a variable resistor R and an inductor L of inductance 1.5 H are connected in series to a 3.0 V battery of zero internal resistance.



The variable resistor is changed from 80 Ωto 25 Ωover a time period of 2.4 s. Calculate the average back emf (in V) across the inductor whilst the resistance is being changed.
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.......................................... Q15: A resistor R = 18 Ωand an inductor L = 520 mH are connected to a power supply as shown below.



A short time after the switch is closed, the current in the circuit has reached a steady value, and the energy stored in the inductor is 0.10 J. Calculate the emf of the power supply, in V. .......................................... Q16: The circuit below shows a 12 V power supply connected to a 1.8 H inductor and a 20 Ωresistor.



Calculate the potential difference (in V) measured by the voltmeter when the current through the resistor is changing at a rate of 2.3 A s -1 . .......................................... Q17: In the circuit shown below, the voltmeters V 1 and V2 measure the potential difference across an inductor L and a resistor R respectively.



The battery has emf E V, L = 700 mH and R = 16 Ω. 1. The maximum potential difference in V recorded on the voltmeter V 2 after the switch is closed is 3.2 V. State the emf E of the battery, in V. 2. After the switch has been closed for several seconds, state the value of the potential difference measured by voltmeter V 1 , in V.



© H ERIOT-WATT U NIVERSITY



TOPIC 8. INDUCTORS AND INDUCTANCE



3. Calculate the maximum current in A recorded on the ammeter A after the switch is closed. ..........................................
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Topic 9



Inductors in circuits
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Prerequisite knowledge • Inductors and self inductance (Electrical phenomena topic 8). • Ohm's law. • The laws relating to current and voltage in series and parallel circuits. • d.c. and a.c. circuits. • Capacitors in a.c. circuits. Learning Objectives By the end of this topic you should be able to: • describe the growth and decay of the current in a d.c. circuit containing an inductor and a resistor; • describe the response of an inductive circuit to an a.c. signal; • compare the functions of capacitors and inductors in an a.c. circuit.
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9.1



Introduction



We can connect an inductor into a circuit in the same way as we would connect a resistor or a capacitor. In this topic we will investigate how an inductor behaves when it is used as a component in a circuit. We will begin by looking at a d.c. circuit, where we have an inductor connected in series to a resistor and a power supply such as a battery. After that we will replace the battery by an a.c. supply to investigate the response of an inductive circuit to an alternating current. We will compare the responses of inductive and capacitative circuits to an a.c. signal.



9.2 !



Inductors in d.c. circuits



#



Learning Objective



"



$



To describe the action of an inductor in a d.c. circuit



The subtopics in this section cover: • Growth and decay of current • Back e.m.f. • Experimental measurement of current growth



9.2.1



Growth and decay of current



Consider a simple circuit with an inductor of inductance L and negligible resistance connected in series to a resistor of resistance R, an ammeter of negligible resistance, and a d.c. power supply of e.m.f. E with negligible internal resistance. The circuit (often called simply an LR circuit) is shown in Figure 9.1. Figure 9.1: d.c. circuit with resistor and inductor in series
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When the switch S is connected to the power supply, charge flows through the resistor and inductor, with the ammeter measuring the current. In the time taken for the current to rise from zero to its final value, the current through the inductor is changing, so a back e.m.f. is induced, which (by Lenz's law) opposes the increase in current. The rise time for the current to reach its final value in an inductive circuit will therefore be longer than it is in a non-inductive circuit. The plot of current against time is shown in Figure 9.2. The final, steady value of the current is given by Ohm's law, I = E/R, and so does not depend on the value of L. This should not be surprising, since when the current is at a steady value, there will be no induced back e.m.f. Figure 9.2: Growth of current in a simple inductive circuit



.......................................... When the switch S in Figure 9.1 is switched to the down position, the power supply is no longer connected in the circuit, and the current drops from a value I to zero. Once again, the change in current produces a back e.m.f. that opposes the change. The upshot of this is that the current takes longer to decay than it would in a non-inductive circuit. This is shown in Figure 9.3. Figure 9.3: Decay of current in a simple inductive circuit



..........................................
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Growth of current in LR circuits 20 min



This is an optional paper-based activity in which the mathematical expression for the growth of current in an LR circuit is derived. We will aim to find an expression to calculate the current in the circuit in Figure 9.1 at any time t. Figure 9.2 shows the growth of the current, which has a maximum value of E R At some time t, when the current in the circuit is I, the potential difference across the resistor is IR and the back e.m.f. is −L



dI dt



The sum of e.m.f.s around a circuit loop is equal to the sum of potential differences around the loop (this is known as Kirchhoff's voltage law). E−L



dI = pd dt



∴ E = IR + L



dI dt



We can rearrange this equation with a view to integrating to find I as a function of t. E = IR + L dI dt dI ∴ −L dt L dI ∴− R dt 1 dI , ∴+ I − E/R dt ∴L



dI dt



= E − IR = IR − E =I− =−



E R



R L
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We are now in a position to integrate this expression. Remember that at t = 0, I = 0, and we are integrating up to time t. dI 1 R + , =− L I − E/R dt $ I $ t 1 R + , dI = ∴ − dt L 0 0 I − E/R $ I $ R t 1 + , ∴ dI = − dt L 0 0 I − E/R - + ,.I % ' R ( &t E = − ∴ ln I − /R t L 0 0 ' ( + , + , R ∴ ln I − E/R − ln −E/R = − t L + , ' ( I − E/R R , =− ∴ ln + t L −E/R



We can now take the inverse logs of both sides of this equation, which will introduce an exponential function on the right-hand side. +



, ' ( I − E/R R , =− t ln + L −E/R + , I − E/R R , = e−( L )t ∴ + −E/R + , R E ∴ I − E/R = − e−( L )t R R E E ∴I= − e−( L )t R R , R E+ ∴I= 1 − e−( L )t R ..........................................



(9.1)



We end up with an exponential growth of the current, which gives us a maximum value Imax = E/R at t = ∞, as we would expect from Ohm's law. To compare the rise times of the current in different circuits, we define a time constant, which in an LR circuit is equal " # −1 , which is to L/R. When the time t = L/R, the current has reached a value of E R 1−e just over 63% of its final value. The larger the value of L, the longer the time constant of an LR circuit, and hence the longer it takes for the current to reach its maximum value. A similar analysis can be carried out for the decay of current when the switch is opened. The current decays exponentially, following the relationship E −( R )t e L R .......................................... I=
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In this case, the time constant L/R tells us how long it takes for the current to drop to a −1 value of E R e , which is about 37% of its initial value. The current in an LR circuit grows exponentially. .......................................... An example of the way current varies in an inductive circuit is the fact that a neon bulb connected to a battery can be lit, even although such a bulb requires a large p.d. across it. Consider the circuit shown in Figure 9.4. Figure 9.4: Neon bulb connected to an inductive circuit



.......................................... The power supply is a 1.5 V battery. We will consider an inductor that has an inductance L and a resistance R, which is connected in parallel to a neon bulb. The bulb acts like a capacitor in the circuit. Unless a sufficiently high p.d. is applied across it, the bulb acts like a break in the circuit. If the p.d. is high enough, the ‘capacitor' breaks down, and charge flows between its terminals, causing the bulb to light up. If the switch in Figure 9.4 is closed, current appears through the inductor but not through the bulb, since the p.d. across it is too low. The current rises as shown in Figure 9.2, reaching a steady value of I = E/R, where E is the e.m.f. of the battery (1.5 V) and R is the resistance of the inductor. The energy stored in the inductor is equal to 12 LI 2 . Opening the switch means there is a change in current through the inductor, and hence a back e.m.f. Charge cannot now flow around the left hand side of the circuit. It can only flow across the neon bulb, causing the bulb to flash. Lenz's law tells us that the self-induced e.m.f. always opposes the change that is causing it. Because of this, many electrical circuits include a choke inductor, which acts to smooth out any fluctuating signals. In particular, radio circuits include a choke to filter out high frequency electrical noise. A choke is also included in a fluorescent tube circuit, shown in Figure 9.5. This is because a fluorescent tube needs a high voltage across it to ‘strike' (to start to conduct). This high voltage is produced by generating a large e.m.f. across the choke when the starter (which is effectively simply a switch) is opened. Once the fluorescent tube has struck, a current is maintained through it and the starter is no longer needed.
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Figure 9.5: Fluorescent tube circuit



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



9.2.2



Back e.m.f.



In the previous topic, we stated that the back e.m.f. inductance L is given by the equation e = −L



e induced in an inductor of



dI dt



Figure 9.2 shows that the rate of change of current in an LR circuit such as in Figure 9.1 is greatest just after the switch is moved to the battery side, so this is when the back e.m.f. will also be at its largest value. As the current increases, the rate of change decreases, and hence the back e.m.f. also decreases. Kirchhoff's voltage law tells us that the sum of potential differences in a loop of a circuit is equal to the sum of e.m.f.s in the loop. At the instant when the switch is moved to the battery side, the current in the resistor is zero. This means the back e.m.f. must be equal in magnitude to E. As the current grows (and the rate of change of current decreases), the p.d. across the resistor increases and the back e.m.f. must decrease so as not to break Kirchhoff's law. Thus we have a maximum value for the back e.m.f., which is emax = −E



(9.3)



.......................................... The minus sign appears as the back e.m.f. is, by its very nature, in the opposite direction to E. Example The circuit in Figure 9.6 contains an ideal (zero resistance) inductor of inductance 2.5 H, a 500 Ω resistor and a battery of e.m.f. 1.5 V and negligible internal resistance.
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Figure 9.6: Inductor, resistor and battery in series



.......................................... (a) What is the maximum self-induced e.m.f. in the inductor? (b) At the instant when the back e.m.f. is 0.64 V, at what rate is the current changing in the circuit? (a) The maximum self-induced e.m.f. is equal and opposite to the e.m.f. of the battery, which is -1.5 V. (b) Using the equation for back e.m.f. e = −L



dI dt



dI e =− dt L dI −0.64 ∴ =− dt 2.5 dI ∴ = 0.26 A s−1 dt .......................................... ∴



9.2.3



Experimental measurement of current growth



It is possible to use the circuit shown in Figure 9.7 to see how the current increases gradually in a d.c. circuit containing an inductor. Figure 9.7: Inductor in a d.c. circuit



A
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.......................................... For this to be successful, the inductor must have a large inductance (a 37 000 turn coil on a full iron core is suitable). The meter used should be an analogue one, since digital meters are more difficult to read when the current is constantly changing. The switch is closed and values of current are read at various times, while the current increases. With the value of inductance suggested, the current will continue to increase for about a minute. A graph of current against time will be similar to Figure 9.2. With lower values of inductance, the rise of current is too rapid for this method. In such cases it is necessary to use a data-capture method of recording current and time values. The circuit shown in Figure 9.8 is suitable. Figure 9.8: Using a data-capture device to monitor current



.......................................... When switch S is closed, a signal is sent, via the digital input, to start the data-capture. The data capture device then records values of the rising current, as sensed at the analogue input, at suitable time intervals, using its internal clock. The data-capture rate is set to suit the inductance of the inductor. A graph of current against time can then be plotted as before.



Quiz 1: Inductors in d.c. circuits First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q1: A 120 mH inductor is connected in series to a battery of e.m.f. 1.5 V and negligible internal resistance, and a 60 Ω resistor. What is the maximum current in this circuit? a) b) c) d) e)



12.5 mA 25 mA 180 mA 3A 12.5 A ..........................................
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Q2: In the circuit in the previous question, what is the maximum potential difference across the inductor? a) b) c) d) e)



0V 25 mV 120 mV 1.5 V 12.5 V ..........................................



Q3: A series circuit consists of a 9.0 V d.c. power supply, a 2.5 H inductor and a 1.0 kΩ resistor. What is the magnitude of the back e.m.f. when a steady current of 9.0 mA is present? a) b) c) d) e)



0V 22.5 mV 2.5 V 3.6 V 9.0 V ..........................................



Q4:



The circuit shown is used to measure the growth of current in an inductor.



What other piece of apparatus is needed as well as the circuit above? a) b) c) d) e)



data capture device digital ammeter low value inductor stopwatch analogue voltmeter ..........................................



Q5: a) b) c) d) e)



The purpose of the choke in a fluorescent tube circuit is to cut the supply to the starter once the tube has ‘struck'. generate a large back e.m.f. switch the a.c. supply on and off. transform electrical energy into light energy. change the a.c. supply to d.c. ..........................................
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Inductors in a.c. circuits



#



Learning Objective



"



To describe the response of an inductive circuit with an a.c. supply



Let us consider an inductor of negligible resistance connected to an a.c. providing a sinusoidal applied e.m.f., as shown in Figure 9.9.



supply,



Figure 9.9: Simple a.c. inductive circuit



.......................................... Figure 9.10 shows how the current in the circuit varies with time. Figure 9.10: Sinusoidal current



.......................................... If we know how the current is behaving, can we deduce the voltage across the inductor? The magnitude of the voltage is given by the equation V =L



dI dt



We can see that the voltage is proportional to the rate of change of current. Now, let us consider Figure 9.10. At the instant t1 , the rate of change of current is zero, hence the voltage across the inductor is zero. At time t2 , the current is changing at its largest negative rate, which means the voltage across the inductor will have its largest negative value. At t3 , the rate of change of current is again instantaneously zero, so V will also be zero. At t4 , the current is changing at its largest positive rate, so V has its largest positive value. As the current cycles, so we can plot out the voltage V , as shown in Figure 9.11.
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Figure 9.11: Voltage and current in a simple a.c. inductive circuit



.......................................... The current in the circuit varies sinusoidally, but is out of step ('out of phase') with the voltage. In fact, the current is a quarter of a cycle behind the voltage, and we say that in an inductive circuit, the voltage leads the current by a quarter of a cycle. If you have studied capacitive circuits, you may know that the voltage and current across a capacitor in an a.c. circuit are also out of step, but in that case the current leads the voltage by a quarter of a cycle.



Simple a.c. circuit At this stage there is an online activity. 15 min



This simulation shows a simple circuit consisting of an alternating voltage source and, depending on the selected radio button, a resistor (without inductance), a capacitor or an ideal coil (without resistance). In addition there are meters for the voltage V (blue) and the current I (red). In a simple inductive a.c. circuit, the voltage leads the current by a quarter of a cycle. ..........................................



9.3.1



Smoothed circuits



We have already mentioned that a ‘choke' inductor can be used to reduce highfrequency noise in a circuit. We will now investigate this in a little more detail. We have mentioned Lenz's law several times in this and the previous Topic. The induced e.m.f. always opposes the change that is causing it. If we compare a resistor to an ideal (zero resistance) inductor, we will see some major differences. For a d.c. current, the resistance of a resistor tells us how much opposition to current the resistor offers. For a given e.m.f., we can easily calculate the current if we know the resistance of the resistor. An ideal inductor does not oppose d.c. current. So long as the current does not vary with time, an ideal inductor offers no opposition to current. Another point to note is that a resistor dissipates energy in the form of heat, whereas an inductor (like a capacitor) stores energy when there is a current through it. When an a.c. current is present, the resistor behaves in exactly the same way as it does for a d.c. current. The magnitude of the resistance tells us how strongly it opposes the © H ERIOT-WATT U NIVERSITY



TOPIC 9. INDUCTORS IN CIRCUITS



163



current. An inductor also opposes a.c. current, and we define the reactance as the opposition of an inductor to an a.c. current. The reactance X is defined by the equation X=



V0 I0



where V0 and I0 are the peak values of voltage and current respectively. X is measured in ohms (Ω), and is analagous to resistance in a d.c. circuit. Let us consider a sinusoidal current I varying with frequency f in an inductor L. The variation of I with time is as follows I = I0 sin 2πf t Differentiating this equation gives us dI = 2πf I0 cos 2πf t dt We also know that the magnitude of the potential difference V across the inductor is V =L ∴



dI dt



dI V = dt L



Equating these two expressions for the rate of change of current V = 2πf I0 cos 2πf t L ∴ V = 2Lπf I0 cos 2πf t ∴ V0 = 2Lπf I0 Now we can substitute for V0 in the expression for reactance X V0 I0 2πf LI0 ∴X= I0 ∴ X = 2πf L .......................................... X=



(9.4)



Although you do not need to remember this derivation, the end result is important as it shows that X ∝ f . The greater the frequency, the larger the reactance. This means that an inductor is a good ‘low-pass' filter, allowing low-frequency and d.c. signals to pass but offering high ‘resistance' to high-frequency signals. An inductor can be used to smooth a signal by removing high-frequency noise and spikes in the signal.
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9.3.2



Experimental measurement of the variation of current with frequency



The circuit shown in Figure 9.12 can be used to investigate how the current through an inductor varies with frequency in an a.c. circuit. Figure 9.12: Current against frequency for an inductor



~



.......................................... The signal generator is used as the supply for the LR circuit. The voltage developed across the resistor R is monitored by a suitable data-capture device. Since the voltage across a resistor is proportional to the current through it, this also gives a measure of the current through the inductor. The frequency of the a.c. signal supplied by the signal generator is varied (the range 300 Hz to1000 Hz is normally suitable for a laboratory experiment). Some data-capture devices and computer interfaces can sense and record the frequency of the a.c. signal used. A graph of current against frequency is plotted. The results of an experiment such as this show that, for an inductive circuit 1 f .......................................... I∝



9.3.3



(9.5)



Inductive and capacitive circuits



We have seen how an inductor in a circuit can be used to suppress high frequency signals, with the reactance being proportional to the frequency. A capacitor in an a.c. circuit also has a reactance. Using a similar analysis to the one we have used for an inductor, it can be shown that the reactance of a capacitor is inversely proportional to the frequency. We can compare the inductive reactance X L and the capacitive reactance XC as follows XL ∝ f



XC ∝



1 f



A capacitor has large reactance at low frequency and small reactance at high frequency. Thus a capacitor in an a.c. circuit acts as a ‘high-pass' filter. Low frequency and d.c. © H ERIOT-WATT U NIVERSITY
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components of a signal are filtered out, but the high frequency parts will be passed.



9.3.4



Mutual inductance and transformers



In carrying out laboratory experiments, you may well have used a power supply to provide an a.c. signal to a circuit. Such a power supply typically gives a maximum voltage of 12 V, yet you will have plugged it in to a mains supply of 230 V. The voltage is ‘stepped-down' by a transformer, a device that uses another application of induction. Transformers are also used in electricity sub-stations to step down the huge electrical voltages carried by overhead cables in the National Grid to the domestic 230 V supply. A schematic diagram of a transformer is shown in Figure 9.13. The device consists of two coils, called the primary and the secondary. The primary has N p turns and the secondary has Ns . We will consider the situation where N p > Ns . Figure 9.13: Transformer



.......................................... The coils are wound round an iron core. Consider an a.c. e.m.f. E p applied to the primary. The current in the primary creates an oscillating magnetic field. The flux lines are confined in the iron core, and hence pass through the centre of the secondary coil, inducing an e.m.f. Es . This induced e.m.f. has the same frequency as the e.m.f. across the primary. It can be shown that for an ideal transformer, the magnitude of E s is given by the equation Ep Np =− Es Ns ..........................................



(9.6)



The minus sign appearing in Equation 9.6 is a consequence of Lenz's law. There are a couple of points to note, the most important of which is that a transformer can only step down (or up) an a.c. signal. If the e.m.f. across the primary is d.c., the magnetic flux through the secondary is not changing and hence there is no induced e.m.f. in the secondary. Another point to note is that Equation 9.6 applies to an ideal transformer. This is one in which there is no flux leakage from the core, so the magnetic flux through the primary and the secondary is the same. The core of a transformer is usually made of soft iron to reduce flux leakage. Using a laminated core also reduces losses because of eddy currents in the core. Equation 9.6 is also only valid when the secondary is on open © H ERIOT-WATT U NIVERSITY
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circuit - once it is connected to a resistive load, the e.m.f. across it decreases. If Ns > Np then the induced e.m.f. is greater than the applied e.m.f., and the transformer steps up the voltage. The mutual inductance M can be used to calculate the induced e.m.f. in the secondary dIp dt .......................................... Es = −M



(9.7)



In Equation 9.7, dIp/dt is the rate of change of current in the primary. This equation is very similar to that used to find the induced e.m.f. in a self-inductor and, like L, the unit of M is the henry. The car ignition coil is another application that uses the property of mutual inductance. An ignition coil consists essentially of a transformer. A current in the low voltage (12 V) side of the coil is repeatedly switched off and on by the contact breakers in the distributor opening and closing. This causes a magnetic field to build up and collapse constantly. The collapsing magnetic field in turn induces an e.m.f. in the high tension (high voltage) side of the ignition coil. This is fed, via the distributor, to the spark plugs and the controlled sparking ignites the petrol-air mixture in the cylinders. A flashlamp circuit, as used commonly in laser printers, photocopiers and to take photographs in dull light, also makes use of the property of mutual induction in a transformer. Breaking the circuit in the primary winding of the transformer induces a large e.m.f. in the secondary winding. This e.m.f. is large enough to ionise the xenon gas in the flashlamp tube that is connected to the secondary, causing the gas to conduct. A short burst of intense light, lasting about 1 ms, is given out by the gas discharge.



Quiz 2: a.c. circuits 15 min



First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Q6: a) b) c) d) e)



In an a.c. inductive circuit, the current leads the voltage by half a cycle. the current leads the voltage by a quarter of a cycle. the voltage leads the current by half a cycle. the voltage leads the current by a quarter of a cycle. the current and the voltage are in phase. ..........................................



Q7: Which of the following describes the relationship between reactance X and frequency f in an a.c. inductive circuit? a) X ∝ 1/f ! b) X ∝ 1 f 2 c) X ∝ f © H ERIOT-WATT U NIVERSITY
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d) X ∝ f√2 e) X ∝ f .......................................... Q8: Which one of the following statements is true? a) b) c) d) e)



An inductor can be used to filter out the d.c. component of a signal. A capacitor can be used as a choke to reduce high frequency noise. An inductor is often used as a ‘high-pass' filter. The reactance of a capacitor is proportional to the frequency of the a.c. current. An inductor can smooth a signal by filtering out high frequency noise and spikes. ..........................................



Q9: An experiment is carried out to investigate how the current varies with frequency in an inductive circuit. The results of such an experiment show that a) I ∝ 1/f ! b) I ∝ 1 f 2 c) I ∝ f d) I ∝ f√2 e) I ∝ f .......................................... Q10: An ideal transformer has a primary coil with 4600 turns. How many turns should the secondary coil have if the transformer is to be used to step down 230 V to 12 V? a) b) c) d) e)



19 20 240 2760 55200 ..........................................



9.4



Summary



In this topic we have studied the behaviour of inductors in simple d.c. and a.c. circuits. We have seen that an ideal (non-resistive) inductor does not have any effect on a steady d.c. current. When the current through an inductor is changing, the induced e.m.f. acts to oppose the change. By the end of this topic you should be able to: • sketch graphs showing the growth and decay of current in a simple d.c. circuit containing an inductor; • calculate the maximum values of current and induced e.m.f. in a d.c. LR circuit; • describe how to illustrate experimentally the growth of current in a d.c. LR circuit; © H ERIOT-WATT U NIVERSITY
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• describe the response of an a.c. inductive circuit to low and high frequency signals; • compare the responses of inductive and capacitive circuits to an a.c. signal; • describe an experimental method to show how the current varies with frequency in an inductive circuit.



9.5



End of topic test



End of topic test 30 min



At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: Fundamental charge e Mass of an electron m e Mass of an electron m p



1.60 × 10-19 C



9.11 × 10-31 kg 1.67 × 10-27 kg



Q11: Consider the circuit shown below, in which an inductor L and resistor R are connected in series to a 1.5 V battery of negligible internal resistance.



L has value 340 mH and the resistance R is 35 Ω. 1. At one instant after the switch is closed, the current in the circuit is changing at a rate of 1.6 A s-1 . Calculate the back e.m.f. (in V) at this instant. 2. Calculate the maximum current through the inductor, in A. 3. Calculate how much energy (in J) is stored in the magnetic field of the inductor when the current reaches a steady value. .......................................... Q12: A transformer is being used to step down an a.c. signal of r.m.s. voltage 65 V. The primary coil has 140 turns. Calculate the r.m.s. voltage of the stepped down signal if the secondary has 50 turns, giving your answer in volts.
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.......................................... Q13: Consider the circuit below, in which an inductor is connected to a battery of negligible internal resistance.



1. At the instant the switch is closed, the current in the circuit is changing at a rate of 45 A s-1 . Calculate the inductance L , in H. 2. Calculate the maximum current in the circuit, in A. 3. Calculate the energy (in J) stored in the inductor when the current has reached its maximum value. .......................................... Q14: Consider an inductor connected in series to an a.c. power supply. Which one of the following graphs correctly shows how the current in the inductor varies with the frequency of the a.c. supply?



a)



b)



c)
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d) .......................................... Q15: Consider the circuit below



The battery has e.m.f. 2.8 V, and is connected to an inductor L = 240 mH and a resistor R = 16 Ω. The voltmeters V1 and V2 measure the potential difference across the inductor and the resistor respectively. 1. Calculate the maximum potential difference recorded on the voltmeter V 1 after the switch is closed. 2. Calculate the maximum potential difference recorded on the voltmeter V 2 after the switch is closed. 3. Calculate the energy stored in the magnetic field of the inductor when the current has reached a steady value. ..........................................
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Prerequisite knowledge • An understanding of α- and β-radiation. • Coulomb's law (Electrical phenomena topic 1). • Newton's law of gravitation (Mechanics topic 6). Learning Objectives By the end of this topic you should be able to: • describe the strong nuclear force; • describe the weak nuclear force; • state that there are a number of elementary particles; • explain that protons and neutrons are made up of a number of quarks.
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10.1



Introduction



Physics asks questions about everything in the universe - from the motion of planets, stars and galaxies down to atoms, molecules and even the particles that make up atoms. In this topic we will be looking inside the atom at the nucleus, to find out how the particles inside the nucleus interact. You should already know that the nucleus of an atom is made up of protons and neutrons, and that unstable nuclei decay and emit nuclear radiation in the form of αand β-particles or γ-radiation. We will study the forces that are at work inside the atom, and touch on some of the as yet unanswered questions about the nature of these forces.



10.2 !



Strong nuclear force



#



Learning Objective To describe how the particles in a nucleus are held together by the strong nuclear force



"



In our everyday lives there are two forces of nature that shape the world around us - electromagnetic and gravitational forces. Any other forces are just different manifestations of these forces. For example, you might consider the force involved when you stretch an elastic band. The tension in the band comes about because there are electrostatic attractions between the atoms in the band. As you pull on the band, these electric forces supply an opposing force. While you may think of this as a ‘mechanical' force, fundamentally this is an electromagnetic interaction. Although we can describe everyday phenomena in terms of electromagnetic or gravitational forces, we need to introduce a new force to describe what happens inside the nucleus of an atom. Let us consider a helium nucleus, consisting of two positively charged protons and two uncharged neutrons. Clearly there is an electrostatic repulsion between the protons. There is also a gravitational attraction between them. We can carry out an order-of-magnitude calculation to compare these forces.



Electrostatic and gravitational forces 15 min



Two protons in a helium nucleus are separated by around 10 -15 m. Given the following data, perform an order-of-magnitude calculation to determine the ratio FC/F of the G Coulomb (electrostatic) and gravitational forces that act between the two protons. You will need to know the values of the permittivity of free space and the gravitational constant: charge on a proton mass of a proton permittivity of free space ε0 gravitational constant G



+1.6 × 10-19 C 1.67 × 10-27 kg 8.85 × 10-12 C2 N-1 m-2 6.67 × 10-11 N m2 kg-2
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The electrostatic force between two protons in a nucleus is many orders of magnitude greater than the gravitational force between the protons. .......................................... The order-of-magnitude calculation shows that the electrostatic force is very much greater than the gravitational force. If this is the case, why doesn't this repulsive force cause the nucleus to split apart? The reason is that there is another force, called the strong nuclear force, that acts between any two nucleons (protons or neutrons) in a nucleus. This force, usually just called the strong force, can act between two protons, two neutrons, or a proton and a neutron, and has almost the same magnitude in each case. How does the strong force compare to the electromagnetic and gravitational forces? The main difference is that the strong force is a short-range force. In fact its range is < 10-14 m. This means that unless a particle is closer than about 10 -14 m to another particle, the strong force between them is effectively zero. This is in contrast to the other two forces, both of which are long-range. For example, the gravitational force is the main interaction between planets and stars, and is effective over many ! millions of kilometres. 1 The electrical force between charged objects follows a similar r 2 dependence. In terms of strength, over a short range, the strong force is very much greater than the gravitational force, which is negligibly small between particles of such low mass. The strong force overcomes the electrostatic repulsion between protons, and prevents the nucleus from disintegrating. Another point to note is that electrons are not affected by the strong force. A proton and an electron, or a neutron and an electron, would not interact via the strong force.



10.3 !



Radioactivity and the weak force



Learning Objective To describe alpha and beta radiation, and relate these radioactive decays to the strong and weak forces



"



The section is in three parts: • Alpha radiation • Beta radiation and the weak nuclear force • Grand Unified Theory
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10.3.1



Alpha radiation



For elements at the beginning of the periodic table, the number of protons in the nucleus roughly equals the number of neutrons. Table 10.1 shows the numbers of protons and neutrons in the most common nuclei of the first eight elements. Table 10.1: Nuclei of the first eight elements element Hydrogen



protons



neutrons



nucleons



Boron Carbon Nitrogen



1 2 3 4 5 6 7



0 2 4 6 6 6 7



1 4 7 10 11 12 14



Oxygen



8



8



16



Helium Lithium Beryllium



.......................................... As we move further up the periodic table, we find that the number of neutrons far exceeds the number of protons. For example, the nucleus of a gold atom consists of 79 protons and 118 neutrons. This is because of the increased electrostatic repulsion taking place between the large numbers of protons. Having an even larger number of neutrons present means there are more particles exerting the strong (attractive) force without adding to the electrostatic repulsion. This works well up to a point, but not when the nucleus gets too large. Remember that the strong force is short-ranged, and so will not be effective if the size of the nucleus is larger than this range. A nucleon does not interact with all the other particles in the nucleus, just with its nearest neighbours. A very large nucleus is unstable, and eventually decays by α-radiation to form a smaller nucleus by ejecting two protons and two neutrons as an α-particle. For example, consider the decay of a uranium nucleus 238 92 U



4 → 234 90 Th + 2 α



An important point to note is that the total number of protons and the total number of neutrons does not change. In the example shown, a uranium nucleus of 238 nucleons (92 protons, 146 neutrons) decays into a thorium nucleus of 234 nucleons (90 protons, 144 neutrons), emitting an α-particle consisting of 4 nucleons (2 protons, 2 neutrons). In any reaction involving the strong force, the number of protons and the number of neutrons are conserved, although in an α-decay the number of nucleons remaining in the nucleus is reduced.



10.3.2



Beta radiation and the weak nuclear force



In β-decay, a neutron decays into a proton, emitting an electron. The net charge remains the same - the electron is emitted leaving a positively-charged atom behind. Let us consider the decay of an unstable isotope of boron.
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12 5 B



0 → 12 6 C + −1 e



Again, the total number of nucleons does not change, but a neutron has decayed into a proton, with the emission of an electron. This electron is not one of the electrons orbiting the nucleus, it is a particle that has been created by the decay of the neutron. Such a decay is associated with the weak nuclear force. β-decay cannot be a manifestation of the strong force as the number of neutrons decreases and the number of protons increases. The weak force is another short-range force. As its name suggests, it is (usually) much weaker than the strong force.



10.3.3



Grand Unified Theory



One of the biggest challenges in theoretical physics is to explain fully the four fundamental forces. There are no simple answers to questions such as why the weak force affects some particles but not others. Table 10.2 compares these four forces. Table 10.2: Comparison of the forces of nature



Force



Relative magnitude Range (m)



strong nuclear



1



< 10-14



electromagnetic



∼10-2



∞



weak nuclear



∼10-5



∼10-18



gravitational



∼10-38



∞



Example nucleons in a nucleus majority of everyday ‘contact' forces β-decay of a nucleus very large masses, e.g. planets



.......................................... Theoretical physicists currently favour the idea that the four forces are different manifestations of the same force. That is to say, there is only one fundamental force, and we perceive it to be acting in four different ways. The search is therefore to find a Grand Unified Theory (GUT) which will unite these forces. One of the main ideas underpinning the GUT is that at extremely short distances, for extremely high energy particles, the four forces become one. Theoretical physicists have shown that the electromagnetic and weak forces can be combined as an ‘electroweak' force when acting over very short distances.



© H ERIOT-WATT U NIVERSITY



176



TOPIC 10. FORCES OF NATURE



10.4 !



Elementary particles and quarks



#



Learning Objective To define the elementary particles To introduce the quark



"



This section will begin by looking at elementary particles. This is followed by a short section on quarks.



10.4.1



Elementary particles



Our picture of the atom consists of a number of negatively-charged electrons orbiting a nucleus made up of positively-charged protons and uncharged neutrons. Throughout the 20th century, experimental evidence has accumulated which has shown that these are not the fundamental ‘building blocks' of nature. The research area of high energy physics has shown the existence of many sub-atomic particles in addition to the proton, neutron and electron. These particles have mostly very short lifetimes, and only rarely exist outside the atom (or outside the research laboratory). Whilst this branch of physics is very difficult and complex, we can state that there are a number of elementary particles. These particles are the basic building blocks of the universe. They can be split into two types, called leptons and quarks. Leptons (such as the electron) interact via the weak force or the electromagnetic force. Protons and neutrons are built up from quarks, and interact by the strong force. Protons and neutrons belong to the family of particles called hadrons.



10.4.2



Quarks



Protons and neutrons are not themselves indivisible particles, but are built up from quarks. Whilst quarks come in six types (or ‘flavours'), they can carry a charge of either +2 /3 e or -1 /3 e. Protons and neutrons each contain three quarks. The ‘up' quark has charge +2 /3 e and the ‘down' quark has charge - 1 /3 e. A proton has a charge of +e, so it consists of two up quarks and one down quark 2 2 1 + e + e − e =e 3 3 3 A neutron is uncharged, so it consists of two down quarks and one up quark 2 1 1 + e − e − e =0 3 3 3 No one has actually been able to see a quark, or managed to break down a proton or neutron into its constituent quarks. There simply isn't the experimental capability yet to do this. The existence of quarks has been deduced from experiments carried out in high-energy particle accelerators, without ever being able to isolate a quark.
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Quarks At this stage there is an online activity. This activity allows the user to construct an atom from its elementary particles - quarks and electrons.



20 min



Quarks and electrons are the fundamental building blocks of every atom. ..........................................



Quiz 1 Forces of nature and elementary particles First try the questions. If you get a question wrong or do not understand a question, there are Hints. 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 references in the hints are to online materials. Useful data: Fundamental charge e Permittivity of free space ε0



1.60 × 10-19 C 8.85 × 10-12 C2 N-1 m-2



Q1: Which one of the following statements is true? a) The strong force and the gravitational force between two protons in a nucleus are roughly equal in magnitude. b) The strong force can act between two protons or two neutrons, but not between a proton and a neutron. c) The strong force can act on protons, neutrons and electrons. d) The strong force is a short-range force. e) The strong force can act over any distance. .......................................... Q2: Which force is associated with β-decay? a) b) c) d) e)



strong force weak force gravitational force electromagnetic force depends on the atom in which the decay takes place ..........................................



Q3: Which one of the following statements is true? In an α-decay, a) b) c) d) e)



the total number of protons is conserved. the α-particle interacts via the weak force. the remaining nucleus has more protons than before the decay. the remaining nucleus has more neutrons than before the decay. the nucleus absorbs an electron. ..........................................
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Q4: A hydrogen atom consists of one proton, one electron and no neutrons. How many quarks are there in a hydrogen atom? a) b) c) d) e)



0 1 2 3 4 ..........................................



Q5: Two up quarks in a proton are separated by 5 × 10 -17 m. Estimate the size of the Coulomb force acting between them. a) b) c) d) e)



1 × 104 N 4 × 104 N 9 × 104 N 2 × 107 N 4 × 1023 N ..........................................



10.5



Summary



A nucleus is made up of protons and neutrons, held together by the strong nuclear force. We have seen that protons and neutrons are not themselves elementary particles, but are each made up of three elementary particles called quarks. The electrons that orbit the nucleus are also elementary particles. They are not made up of quarks, and hence do not interact by the strong force. Electrons which are produced in the nucleus by β-decay interact by the weak nuclear force. The four fundamental forces of nature are gravitational, electromagnetic, and the strong and weak nuclear forces. A Grand Unified Theory attempts to show that these four are manifestations of the same force. By the end of this topic you should be able to: • state that the particles in a nucleus are held together by the strong force; • state that the strong force is short-ranged, with a range of less than 10 -14 m; • state that the weak force is associated with β-decay; • state that there is a number of elementary particles; • state that protons and neutrons are made up of quarks.
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End of topic test



End of topic test At this stage there is an end of topic test available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: Fundamental charge e permittivity of free space ε0 mass of an electron me mass of a proton mp



1.60 × 10-19 8.85 × 10-12 9.11 × 10-31 1.67 × 10-27



C C2 N-1 m-2 kg kg



Q6: What is the maximum range of the strong nuclear force? 1. 10-14 m 2. 10-12 m 3. 10-16 m 4. 10-18 m .......................................... Q7: Which of the forces of nature is associated with β-decay? 1. strong nuclear force 2. gravitational force 3. electromagnetic force 4. weak nuclear force .......................................... Q8: Which of these pairs of particles can be classified as elementary particles? 1. protons and electrons 2. nucleons and quarks 3. protons and neutrons 4. electrons and quarks .......................................... Q9: Which force holds particles together in a nucleus? 1. weak force 2. electromagnetic force 3. gravitational force 4. strong force
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.......................................... Q10: Which of these pairs of particles are made up of quarks? 1. photons and neutrons 2. neutrons and protons 3. protons and electrons 4. electrons and neutrons .......................................... Q11: A π + meson is a particle consisting of a quark (charge + (charge + e /3 ).



2e / ) 3



and an antiquark



1. If the quark and antiquark are separated by a distance of 1.0 fm (where 1 fm = 10-15 m) calculate the magnitude of the electric force between them, in N. 2. Name the force that holds this quark-antiquark pair together. (electric, strong, weak or gravitational?) .......................................... Q12: Which of the following pairs of particles does not interact by the strong force? 1. Two protons 2. An electron and a proton 3. Two neutrons 4. A proton and a neutron .......................................... Q13: A nitrogen nucleus consists of 7 protons and 7 neutrons. How many quarks are there in a nitrogen nucleus? ..........................................
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End-of-unit assessment 30 min



At this stage there is an on-line assessment available online. If however you do not have access to the internet you may try the questions which follow. The following data should be used when required: Fundamental charge e Acceleration due to gravity g Permittivity of free space ε0 Permeability of free space µ0



Q1:



1.60 × 10-19 C 9.8 m s-2



8.85 × 10-12 C2 N-1 m-2 4π × 10-7 T m A-1



A hollow metal sphere of radius 1.2 cm is given a charge of + 7.9 µC.



1. Calculate the magnitude of the electric field at a distance 4.9 cm from the centre of the sphere, giving your answer in N C -1 . 2. Calculate the magnitude of the electric potential at a distance 4.9 cm from the centre of the sphere, giving your answer in V. 3. Which one of the following graphs represents the electric potential in and around the sphere?



a)



b)



c)



© H ERIOT-WATT U NIVERSITY



TOPIC 11. ELECTRICAL PHENOMENA END-OF-UNIT ASSESSMENT



d) .......................................... Q2: Two point charges A (+ 5.45 mC) and B (+ 7.25 mC) are placed 1.32 m apart. 1. Calculate the magnitude of the Coulomb force (in N) that exists between A and B. 2. Calculate the magnitude of the Coulomb force (in N) acting on a -1.15 mC charge placed at the midpoint of AB. .......................................... Q3: A long straight wire carries a steady current I1 . 1. Calculate the magnetic induction in T at a perpendicular distance mm from the wire when the current I1 = 1.2 A. 2. Suppose a second wire lies parallel to the first, carrying a current I 2 . The wires are separated by a distance 40 mm, and I 2 is in the same direction to I1 . Calculate the magnitude of the force acting per unit length between the two wires, if I2 = 7.4 A, giving your answer in N m -1 . 3. Is the force between the wires attractive or repulsive? .......................................... Q4: A proton travelling at 3.7 × 10 6 m s-1 enters a uniform magnetic field. The proton is travelling perpendicular to the magnetic field lines, and the magnetic induction of the field is 0.72 T. 1. Calculate the radius of the resulting circular motion of the proton in the magnetic field, giving your answer in m. 2. An electric field is now applied in the region of the magnetic field, perpendicular to both the magnetic field and the proton's motion. Calculate the magnitude (in N C -1 ) of the electric field which results in the proton moving in a straight line. .......................................... Q5: In a cathode ray oscilloscope tube, what is the purpose of the grid? a) To control the focus of the beam on the screen. b) To supply a signal to the time-base. c) To carry excess electrons to earth. d) To control the brightness of the signal on the screen. .......................................... © H ERIOT-WATT U NIVERSITY
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Q6:



Where is the input signal connected to a cathode ray oscilloscope tube?



a) Across the x-plates b) Across the y-plates. c) Across the grid. d) Across the cathode. .......................................... Q7: By what process is the electron beam produced in a cathode ray oscilloscope tube? a) The Lorentz force. b) Charging by induction. c) Thermionic emission. d) Photoconductivity. .......................................... Q8: An ion carrying charge 2 e is accelerated from rest through a potential of 2.7 × 106 V, emerging with a velocity of 5.5 × 10 6 m s-1 . Calculate the mass of the ion, in kg. ..........................................



Q9: Consider the circuit below, in which an ideal inductor L is connected in series to a resistor R and a battery of e.m.f. 6.0 V and zero internal resistance.



The value of L is 220 mH and the resistance R is 40Ω. 1. Calculate the initial rate of growth of current in the circuit, in A s -1 , at the instant the switch is closed. 2. Calculate the energy (in J) stored in the magnetic field of the inductor once the current has reached a steady value. .......................................... Q10: Which one of the following is not a fundamental force of nature? a) Gravitational force b) Frictional force c) Weak force d) Strong force
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.......................................... Q11: Which one of the following particles is not composed of quarks? a) An alpha particle b) A proton c) An electron d) A neutron ..........................................
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GLOSSARY



Glossary Ampere One ampere is the steady current that when present in each of two infinitely long parallel conductors placed one metre apart in a vacuum, causes each conductor to exert a force on the other of 2 × 10 -7 newtons per metre length. Back e.m.f. An induced e.m.f. in a circuit that opposes the current in the circuit. Bubble chamber An instrument that gives a pictorial representation of the paths of high-energy particles. It consists of a chamber filled with liquid hydrogen at its boiling point. Choke An inductor used to smooth high frequency oscillations in a circuit. Conservative field A field in which the work done in moving an object from one point in the field to another is independent of the path taken. Coulomb's law The electrostatic force between two point charges is proportional to the product of the two charges, and inversely proportional to the square of the distance between them. current-carrying conductor Exactly as its name suggests - a conductor of some sort in which there is a current. Cyclotron An instrument used to accelerate charged particles and thus to increase their energy. Cyclotron frequency The number of revolutions per unit time of a particle accelerated in a cyclotron or in any magnetic field. Eddy currents An induced current in any conductor placed in a changing magnetic field, or in any conductor moving through a fixed magnetic field. Electric field A region in which an electric charge experiences a Coulomb force. Electric potential The electric potential at a point in an electric field is the work done per unit positive charge in bringing a charged object from infinity to that point. Electromagnetic braking The use of the force generated by eddy currents to slow down a conductor moving in a magnetic field. © H ERIOT-WATT U NIVERSITY
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Elementary particles The fundamental particles out of which all matter is constructed. Extrinsic semiconductors To increase the conductivity of a semiconductor it can be "doped" with impurity atoms, introducing an excess positive or negative charge. Such a semiconductor is called an extrinsic semiconductor. Faraday's law of electromagnetic induction The magnitude of an e.m.f. produced by electromagnetic induction is proportional to the rate of change of magnetic flux through the coil or circuit. Ferromagnetic Materials in which the magnetic fields of the atoms line up parallel to each other in regions known as magnetic domains. Fundamental unit of charge The smallest unit of charge that a particle can carry, equal to 1.60 × 10 -19 C. Hadrons Particles such as protons and neutrons that can experience the strong force. Hall effect The appearance of a transverse voltage across a conductor that is carrying a current in a magnetic field. Hall probe A small slab of semiconductor material and associated circuitry that uses the Hall effect to allow a magnetic field to be investigated. Hall voltage The transverse voltage set up across a current-carrying conductor placed in a magnetic field. Helix The shape of a spring, with constant radius and stretched out in one dimension. Induced e.m.f. The e.m.f. induced in a conductor by electromagnetic induction. Induction heating The heating of a conductor because of the eddy currents within it. Inductor A coil that generates an e.m.f. by self-inductance. The inductance of an inductor is measured in henrys (H). ions Charged particles.
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Isotopes Atoms with the same atomic number but different atomic weights, because of different numbers of neutrons in the nucleus. Lenz's law The induced current produced by electromagnetic induction is always in such a direction as to oppose the change that is causing it. Leptons Particles such as the electron that do not experience the strong force. Magnetic domains Regions in a ferromagnetic material where the atoms are aligned with their magnetic fields parallel to each other. Magnetic field A means of describing the interaction between magnets. A magnetic field is a region in which a moving charge experiences a magnetic force. Magnetic flux A measure of the quantity of magnetism in a given area. Measured in weber (Wb), equivalent to T m2 . Magnetic induction A means of quantifying a magnetic field. Magnetic poles One way of describing the magnetic effect, especially with permanent magnets. There are two types of magnetic poles - north and south. Opposite poles attract, like poles repel. magnetic torque The turning effect of a couple where the forces are caused by magnetic effects. Magnetron A source of microwave radiation used in radar systems and microwave ovens. Mass spectrometer An instrument used to measure masses of ions and so to measure atomic and molecular masses. Mutual inductance A transformer has a mutual inductance of 1 H if an e.m.f. of 1 V is induced in one coil when the current is changing at a rate of 1 A s -1 in the other. n-type semiconductor An extrinsic semiconductor in which the majority charge carriers are electrons. Permeability of free space A constant used in electromagnetism. It has the symbol µ 0 and a value of 4π x 10-7 T m A-1 . © H ERIOT-WATT U NIVERSITY
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Pitch The distance travelled along the axis of a helix per revolution. Plasma A gaseous mixture of positive and negative charges, created by very high temperatures. Positron An elementary particle with the same mass as an electron, but a charge of +e. Potential difference The potential difference between two points is the difference in electric potential between the points. Since electric potential tells us how much work is done in moving a positive charge from infinity to a point, the potential difference is the work done in moving unit positive charge between two points. Like electric potential, potential difference V is measured in volts V. Principle of superposition of forces The total force acting on an object is equal to the vector sum of all the forces acting on the object. p-type semiconductor An extrinsic semiconductor in which the majority charge carriers are holes. Quarks Sub-nucleonic particles that are the constituents of protons and neutrons. Reactance The opposition of an electrical component to alternating current. self-inductance The generation of an e.m.f. by electromagnetic induction in a coil owing to the current in the coil. Specific charge The charge-to-mass ratio, q/m. Strong nuclear force The force that acts between nucleons (protons and neutrons) in a nucleus, binding the nucleus together. superconductivity Certain materials, when cooled to extremely low temperatures, have zero electrical resistance. This state of matter is called superconductivity. Thermionic emission The emission of electrons from a hot conductor. Toroidal Doughnut-shaped. © H ERIOT-WATT U NIVERSITY
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Van Allen radiation belts Regions around the Earth, caused by the Earth's magnetic field, that trap charged particles. Discovered in 1958 after the Explorer 1 mission. Velocity selector An arrangement of crossed electric and magnetic fields whereby particles of a particular velocity can be selected from those of all other velocities. Weak nuclear force A nuclear force that acts on particles that are not affected by the strong force.
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Hints for activities Topic 1: Electric force and field Quiz 1 Coulomb force Hint 1: Remember Newton's Third law! Hint 2: The number of electrons in 1 C is equal to the inverse of the fundamental charge. Hint 3: This is a straight application of Coulomb's Law. Hint 4: This is a straight application of Coulomb's Law. Hint 5: Work out the size and direction of the force exerted by X on Y. Then work out the size and direction of the force exerted by Z on Y. Then add the two vectors.



Quiz 2 Electric field Hint 1: How does the strength of the electric force exerted by a point charge vary with distance? Hint 2: Electric field strength is the force per unit positive charge. Hint 3: Electric field strength is the force per unit positive charge. Hint 4: Work out the size and direction of the electric field due to the 30 nC. Then work out the size and direction of the electric field due to the 50 nC. Then add the two vectors. Hint 5: Electric field is zero at the point where the magnitude of the field due to the 1.0 µC charge is equal to the magnitude of the field due to the 4.0 µC charge.



Topic 2: Electric potential Quiz 1 Electric potential and charging by induction Hint 1: This is a straight application of V = Ed. Hint 2: Make E the subject of the relationship V = Ed; then consider units on both sides of the equation. Hint 3: This is a straight application of E = QV. Hint 4: This is a straight application of E = QV. Hint 5: See the section titled Charging by induction



Quiz 2 Electric field and potential Hint 1: See the beginning of the section titled Conductors and electric fields.
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Hint 2: This is a straight application of V =



Q 4πε0 r



. Hint 3: To find out how E V depends on r, substitute E=



Q 4πε0 r 2



V =



Q 4πε0 r 2



and



in



E V



. Hint 4: Eliminate all of the options you know are false. If you are not sure about some options see the sections on electric fields and electric potential (including the activity on plotting equipotentials. When you have eliminated four options the one remaining option must be correct. Hint 5: Does the charge move through a potential difference?



Topic 3: Motion in an electric field Quiz 1 Acceleration and energy change Hint 1: Is the velocity of the electron increasing, decreasing or staying the same? Hint 2: This is a straight application of E = QV. Hint 3: The electrical energy QV is converted to kinetic energy 1 mv 2 2 . Hint 4: Relativistic effects are important - see the section titled Relativistic energy. Hint 5: Subtract the rest energy from the total energy.



Quiz 2 Charged particles moving in electric fields Hint 1: Electric field strength is the force per unit (positive) charge. Hint 2: First find the electrical force, then use Newton's Second Law. Hint 3: Electric field strength is the force per unit positive charge. © H ERIOT-WATT U NIVERSITY
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Hint 4: Electric field strength is the force per unit positive charge. Hint 5: What is the initial value of the vertical velocity of the electron? Find the vertical electrical force and use this to calculate the vertical acceleration of the electron. Then use the first equation of motion.



Quiz 3 Applications of charges moving in fields Hint 1: See the section titled Cathode ray oscilloscope. Hint 2: See the section titled Rutherford scattering. Hint 3: See the solution of the example in the section titled Rutherford scattering. Hint 4: See the section titled Millikan's oil drop experiment. Hint 5: The weight of the oil drop is balanced by an equal electrical force. What is the direction of the electrical force?



Topic 4: Magnetic fields and forces Quiz 1 Magnetic fields and forces Hint 1: See the Introduction section of this topic. Hint 2: See the section titled Magnetic forces and fields. Hint 3: See the Introduction section of this topic and the section titled Magnetic forces and fields. Hint 4: See the table at the end of the section titled Magnetic forces and fields. Hint 5: See the table at the end of the section titled Magnetic forces and fields.



Quiz 2 Forces on conductors Hint 1: See the section titled Current carrying conductors. Hint 2: See the section titled Current-carrying conductors. Hint 3: See the section titled Magnetic induction. Hint 4: See the section titled Force on a current-carrying conductor. Hint 5: See the section titled The simple electric motor.



Topic 5: Magnetic forces on conductors Quiz 1 Current, magnetic fields and force Hint 1: There must be changes that compensate for each other - one on its own would increase the force and another on its own would decrease the force. © H ERIOT-WATT U NIVERSITY
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Hint 2: The size of the force varies with sin θ where the angle is measured between the conductor and the field lines. Hint 3: See the section titled The Hall effect. Hint 4: See the section titled The Hall effect. Hint 5: See the section titled Current carrying conductors.



Problem: The hiker Hint 1: (a) What is the expression for the magnetic field due to a current-carrying conductor? Hint 2: (b) What is the maximum value of B at the new position? Hint 3: (b)



What is the horizontal distance PQ in relation to QR and PR?



Problem: Parallel conductors Hint 1: (a) Do the conductors attract or repel? Hint 2: (b) What is the relationship for force per unit length? Hint 3: (c) What is the expression for magnetic field due to a current-carrying conductor? Hint 4: (c) Do the fields reinforce or oppose in the space between the conductors?



Quiz 2 Current-carrying conductors Hint 1: See the section titled The field due to a current-carrying conductor. Hint 2: This is a straight application of B=



µ0 I 2πr



. © H ERIOT-WATT U NIVERSITY
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Hint 3: See the section titled Permittivity, permeability and the speed of light. Hint 4: This is an application of F µ 0 I1 I2 = l 2πr . Notice the question asks for the force per kilometre!!! Hint 5: This is an application of .



F µ 0 I1 I2 = l 2πr



Topic 6: Charges moving in a magnetic field Quiz 1 The force on a moving charge Hint 1: How does the charge on a proton compare with the charge on an electron? Hint 2: This is a straight application of F = qvB. Hint 3: What is the size of the magnetic force acting on a charged particle moving parallel to magnetic field lines? Hint 4: What is the direction of a magnetic force relative to the direction of motion of a charged particle? Hint 5: This is an application of qvB = .



mv 2 r



The magnetron Hint 1: The relationship giving the cyclotron frequency is f =



q 2πm B.



Hint 2: You will need to use the values for the mass of the electron and the fundamental charge. Hint 3: The frequency is in megahertz and has to be converted to hertz.



Tracks in a bubble chamber Hint 1: Track C is produced by an electron. Which track curves the same way as track C? Hint 2: Track C is produced by an electron. Which track curves the opposite way to track C? Hint 3: Use the right hand rule developed for determining the direction of the force on a charged particle moving in a magnetic field. Hint 4: Consider the radius of curvature of tracks B and C and relate this to the speed and hence the kinetic energy. © H ERIOT-WATT U NIVERSITY
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Quiz 2 Applications of charges moving in a magnetic field Hint 1: What is the direction of the magnetic force relative to the direction of motion of the charge? Hint 2: Does the speed of the proton change? Hint 3: See the section titled The cyclotron. Hint 4: See the section titled The magnetron. Hint 5: How does the charge of a positron compare with the charge of an electron?



Topic 7: Motion in a magnetic field Quiz 1 Motion of charged particles in a magnetic field Hint 1: See the section titled Helical motion. Hint 2: See the section titled Helical motion. Hint 3: This is a straight application of r=



mv sin θ qB



Hint 4: See the section titled The 'magnetic bottle". Hint 5: See the section Charged particles in the Earth's magnetic field.



Quiz 2 Charged particles in electric and magnetic fields Hint 1: This is a straight application of v = E/B. Hint 2: Velocity selector! Hint 3: The charge per unit mass of a particle is called the specific charge. Hint 4: See the section titled Thomson's e/mexperiment. How does an increase in accelerating potential affect the kinetic energy gained by the electrons? Hint 5: See the section titled The mass spectrometer.



Topic 8: Inductors and inductance Quiz 1 Induced e.m.f. and eddy currents Hint 1: See the section titled Magnetic flux and solenoids. Hint 2: See the section titled Induced e.m.f. in a moving conductor. Hint 3: See the section titled Faraday's law and Lenz's law. Hint 4: See the section titled Eddy currents. Hint 5: See the section titled Eddy currents. © H ERIOT-WATT U NIVERSITY



HINTS



197



Quiz 2 Self-inductance Hint 1: This is a straight application of e = −L



dl dt



. Hint 2: What is the rate of change of current? Hint 3: This is an application of Lenz's law. Hint 4: This is a straight application of 1 E = LI 2 2 Hint 5: This is a straight application of 1 E = LI 2 2



Topic 9: Inductors in circuits Quiz 1: Inductors in d.c. circuits Hint 1: The maximum current is the steady value reached when the induced e.m.f. is zero. Hint 2: The maximum potential difference across the inductor is the value when current in the circuit is zero. Hint 3: The current is steady!! Hint 4: For 'growth' read 'variation of current with time'. Hint 5: See the section titled Growth of current in LR circuits.



Quiz 2: a.c. circuits Hint 1: Remember to be civil - i.e. Capacitor I before V and V before I for L (inductor)! Hint 2: XL = 2πL . Hint 3: See the section titled Smoothed circuits. Hint 4: XL = 2πL . Hint 5: See the section titled Mutual inductance and transformers. © H ERIOT-WATT U NIVERSITY
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Topic 10: Forces of nature Quiz 1 Forces of nature and elementary particles Hint 1: See the section titled Strong nuclear force. Hint 2: See the section titled Beta radiation and the weak nuclear force. Hint 3: See the section titled Alpha radiation. Hint 4: How many quarks are there in 1 proton? See the section titled Quarks. Hint 5: This is a straight application of Coulomb's Law - see the section with this title.
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Answers to questions and activities 1 Electric force and field Three charged particles in a line (page 5)



The graph shows the forces on the third charge due to charges X and Y, and the total force. As the third charge is moved from X to Y, the magnitude of the force due to X decreases whilst the magnitude of the force due to Y increases. The two forces both act in the same direction.



Quiz 1 Coulomb force (page 6) Q1: c) F N Q2: d) 6.25 × 1018 Q3: d) 9.0 N towards B. Q4: a) 7.7 cm Q5: b) 14.4 N towards Z



Quiz 2 Electric field (page 11) Q6: a) E/4 Q7: e) 1.25 × 10-8 N Q8: d) 8.00 × 10-18 N in the -x-direction © H ERIOT-WATT U NIVERSITY
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Q9:



d) 180 N C-1



Q10: b) 17 cm



End of topic test (page 13) Q11: 3 × 1017 Q12: 3.38 Q13: 6 Q14: 26 Q15: 4.3 Q16: 1.4 × 103 Q17: 3.3 × 105 Q18: 5.8 × 109
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2 Electric potential Quiz 1 Electric potential and charging by induction (page 19) Q1: c) 8.00 V Q2: d) V m-1 Q3: a) 0.24 J Q4: e) 8000 V Q5: b) When charging a conductor by induction, the conductor must be insulated from earth.



Quiz 2 Electric field and potential (page 27) Q6: a) 0.0 N C-1 Q7: c) 1.4 × 105 V Q8: b) 50 m-1 Q9: e) The work done in moving a charged particle between two points in an electric field does not depend on the path taken. Q10: a) 0.0 J



End of topic test (page 30) Q11: 550 Q12: 0.044 Q13: 0.016 Q14: 32 Q15: 4 × 105 Q16: 49 Q17: 1.59 × 10 4 Q18: 1. 2.3 2. 1.8 × 10-6
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3 Motion in an electric field Quiz 1 Acceleration and energy change (page 36) Q1:



a) The electron gains kinetic energy.



Q2:



b) 1.2 × 10-4 J



Q3:



c) 3.10 × 105 m s-1



Q4:



e) 1.37 × 10-13 J



Q5:



c) 5.50 × 10-14 J



Quiz 2 Charged particles moving in electric fields (page 40) Q6:



c) 4.00 × 10-16 N



Q7:



d) 7.03 × 1014 m s-2



Q8:



a) accelerated in the direction of the electric field.



Q9:



c) 2.41 × 109 m s-2 downwards



Q10: d) 3.51 × 10 6 m s-1 Rutherford scattering (page 47) Use the formula U =qV ∴ U =eVgold qgold ∴ U =e × 4πε0 r 79e ∴ r =e × 4πε0 U Now put in the values given in the question 79e2 4πε0 × 8.35 × 10−14 2.02 × 10−36 ∴r= 9.29 × 10−24 ∴ r =2.18 × 10−13 m r=



Quiz 3 Applications of charges moving in fields (page 49) Q11: d) deflect the electron beam by an amount proportional to the quantity being measured. © H ERIOT-WATT U NIVERSITY



ANSWERS: TOPIC 3



Q12: e) Coulomb repulsion between α-particles and gold nuclei. Q13: b) 7.3 × 10-13 m Q14: a) the fundamental unit of charge e. Q15: b) -4.9 × 10-7 C End of topic test (page 51) Q16: 6.72 × 10 -17 Q17: 4.8 × 106 Q18: 3.3 × 104 Q19: 1. 2.34 × 105



2. 1.42 × 10-3 Q20: 7.82 × 10 -14 Q21: 3.9 × 105
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4 Magnetic fields and forces Quiz 1 Magnetic fields and forces (page 57) Q1:



e) All magnets have two poles called north and south.



Q2:



e) (i) and (iii) only



Q3:



c) (iii) only



Q4:



d) (i) and (ii) only



Q5:



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



Quiz 2 Forces on conductors (page 70) Q6:



e) circular, decreasing in magnitude with distance from the wire



Q7:



d) d



Q8:



b) N A-1 m-1



Q9:



a) horizontal, directed east



Q10: c) (i) and (iii)



End of topic test (page 72) Q11: 0.0666 Q12: 368 Q13: 4.1 Q14: 1. 0.57 2. 1.6 × 104 3.



e



Q15: 3.55 × 10 -6 Q16: 5 Q17: a small number of large coils
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5 Magnetic forces on conductors Quiz 1 Current, magnetic fields and force (page 81) Q1: e) field the same, current doubled, length halved Q2: d) 60◦ Q3: c) (iii) only Q4: b) The Hall voltages developed across the copper and the n-type semiconductor only are in the same direction. Q5: a) circular, decreasing in magnitude with distance from the wire.



Problem: The hiker (page 84) a) µ0 I 2πr 4π × 10−7 × 500 ∴B= 2π × 10 ∴ B =1.0 × 10−5 T B=



b)
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BEarth =0.5 × 10−4 T



∴ 10% of BEarth =0.5 × 10−5 T µ0 I 2πr 4π × 10−7 × 500 ∴ 0.5 × 10−5 = 2π × QR 4π × 10−7 × 500 ∴ QR = 2π × 0.5 × 10−5 ∴ QR =20 m B=



QP =



/ √



202 − 102



∴ QP = 400 − 100 √ ∴ QP = 300 ∴ QP =17.3 m Problem: Parallel conductors (page 87) a) From R to S (The two conductors attract each other, so the current is in the same direction as the current in PQ.) b) F µ 0 I1 I2 = l 2πr F 4π × 10−7 × 5 × 3 ∴ = l 2π × 4 × 10−2 F ∴ =7.5 × 10−5 N m - 1 l c) µ0 I 2πr 4π × 10−7 × 5 = = 5 × 10−5 T 2π × 2 × 10−2 4π × 10−7 × 3 = = 3 × 10−5 T 2π × 2 × 10−2



B= ∴ BPQ ∴ BRS



At the mid-point, the fields tend to cancel, so Bres =5 × 10−5 − 3 × 10−5



∴ Bres =2 × 10−5 T
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d) For Btotal =0 BPQ =BRS µ0 IRS µ0 IPQ = ∴ 2πr 2π (4 − r) ∴ 5 × (4 − r) =3 × r ∴ 20 − 5r =3r



∴ 20 =8r 20 ∴r= 8 ∴ r =2.5 cm from PQ



Quiz 2 Current-carrying conductors (page 88) Q6: b) B /3 Q7: a) 0.05 m Q8: c) c =



√1 ε0 µ0



Q9: d) 144 N Q10: e) magnitude four times greater, direction unchanged



End of topic test (page 91) Q11: 1. added to 2. 0.15 T Q12: 2.6 Q13: 4.96 × 10 -5 Q14: 1. 2.4 × 10-3



2. 6100 Q15: 86 Q16: 1. 3.8



2. 4.7 × 10-5
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6 Charges moving in a magnetic field Quiz 1 The force on a moving charge (page 100) Q1: b) The particles experience the same magnitude of force but in opposite directions. Q2:



c) 2.4 x 10-13 N



Q3:



e) all of them



Q4:



a) constant speed.



Q5:



a) 3.16 x 106 m s-1



The magnetron (page 103) q B 2πm 1.6 × 10−19 ∴ 2450 × 106 = ×B 2 × π × 9.11 × 10−31 2450 × 106 × 2 × π × 9.11 × 10−31 ∴B= 1.6 × 10−19 ∴ B =0.0876 T f=



Tracks in a bubble chamber (page 104) 1. Track B 2. Track A 3. Into the figure 4. The radius of curvature of the path of the electron from the hydrogen atom is much greater, so it has the greater speed and so also the greater kinetic energy.



Quiz 2 Applications of charges moving in a magnetic field (page 105) Q6:



e) all of them



Q7:



c) 3.34 x 10-15 J



Q8:



d) (i) and (ii) only



Q9:



d) magnetron



Q10: b) an anti-clockwise spiral of decreasing radius
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End of topic test (page 107) Q11: 4.15 × 10 -16 Q12: 1. 9.11 × 10-15



2. 23.4



Q13: 5.03 × 10 -8 Q14: 3 Q15: 1. 9.13 × 106



2. 7.04 × 10-16 Q16: 1. The particles are losing energy 2. The particles have charges of opposite signs.
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7 Motion in a magnetic field Quiz 1 Motion of charged particles in a magnetic field (page 117) Q1:



a) (i) only



Q2:



c) helical, with the axis in the magnetic field direction



Q3:



e) 5.69 x 10-6 m



Q4:



d) plasma



Q5:



e) Van Allen belts



Quiz 2 Charged particles in electric and magnetic fields (page 125) Q6:



d) 3.66 x 106 m s-1



Q7:



a) mass of the particles only.



Q8:



e) specific charge of an electron.



Q9:



e) (i) and (iii) only



Q10: b) to measure the specific charge of an electron



End of topic test (page 127) Q11: 1. 3 × 10-4



2. 1.6 × 10-3 Q12: 2 × 10-4 Q13: 1. 1.65 × 106 2. 3.1 × 105 Q14: 1. 0.17 2. 590 Q15: 2.56 × 10 6 Q16: b Q17: d
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8 Inductors and inductance Quiz 1 Induced e.m.f. and eddy currents (page 140) Q1: e) T m2 Q2: b) moved across a magnetic field. Q3: d) the induced current is always in such a direction as to oppose the change that is causing it. Q4: c) Eddy currents reduce the efficiency of dynamos generating electricity. Q5: b) the dynamo



Quiz 2 Self-inductance (page 145) Q6: b) 0.29 H Q7: a) 0 V Q8: d) The self-induced e.m.f. in an inductor always opposes the change in current that is causing it. Q9: a) 0.18 J Q10: d) 0.85 H



End of topic test (page 147) Q11: 7.7 Q12: 0.31 Q13: b Q14: 0.052 Q15: 11.2 Q16: 7.9 Q17: 1. 3.2 2. 0 3. 0.2
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9 Inductors in circuits Quiz 1: Inductors in d.c. circuits (page 159) Q1:



b) 25 mA



Q2:



d) 1.5 V



Q3:



a) 0 V



Q4:



d) stopwatch



Q5:



b) generate a large back e.m.f.



Quiz 2: a.c. circuits (page 166) Q6:



d) the voltage leads the current by a quarter of a cycle.



Q7:



c) X ∝ f



Q8:



e) An inductor can smooth a signal by filtering out high frequency noise and spikes.



Q9:



a) I ∝ 1/f



Q10: c) 240



End of topic test (page 168) Q11: 1. 0.54 2. 0.043 3. 3.1 × 10-4 Q12: 23 Q13: 1. 0.2 2. 0.18 3. 3.2 × 10-3 Q14: b Q15: 1. 2.8 v 2. 2.8 v 3. 3.7 × 10-3 J
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10 Forces of nature Electrostatic and gravitational forces (page 172) The Coulomb force is given by FC =



Q1 Q2 4πε0 r 2



∴ FC =



#2 " 1.6 × 10−19



4π × 8.85 × 10−12 × (10−15 )2 2.5 × 10−38 ∴ FC ∼ 1 × 10−40 ∴ FC ∼ 250 N The gravitational force is given by FG = G



m1 m2 r2



∴ FG = 6.67 × 10



−11



×



"



1.67 × 10−27



(10−15 )2 2.8 × 10−54 ∴ FG ∼ 6.67 × 10−11 × 10−30 −34 ∴ FG ∼ 1.9 × 10 N



#2



We can combine these two results to find the ratio FC/F G 250 FC/ ∼ FG 1.9 × 10−34 ∴ FC/F ∼ 1036 G Quiz 1 Forces of nature and elementary particles (page 177) Q1: d) The strong force is a short-range force. Q2: b) weak force Q3: a) the total number of protons is conserved. Q4: d) 3 Q5: b) 4 × 104 N End of topic test (page 179) Q6: 10-14 m Q7: weak nuclear force Q8: electrons and quarks © H ERIOT-WATT U NIVERSITY
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Q9:



strong force



Q10: neutrons and protons Q11: 1. 51 2. strong Q12: An electron and a proton Q13: 42
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11 Electrical Phenomena end-of-unit assessment End-of-unit assessment (page 182) Q1: 1. 3 × 107



2. 1.4 × 106 3. a Q2: 1. 2.04 × 105 2. 4.27 × 104 Q3: 1. 6 × 10-6



2. 4.4 × 10-5 3. attractive Q4: 1. 0.054 2. 2.7 × 106 Q5: d Q6: b Q7: c Q8: 5.7 × 10-26 Q9: 1. 27 2. 2.5 × 10-3 Q10: Frictional force Q11: An electron
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(ii) green light; ... them) - An electric current (known as a ... light (which contains photons of all 7 colours of the visible spectrum - red, orange, yellow, green, blue,.
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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.














[image: alt]





SQA Higher Physics Unit 3: Radiation and Matter - with mr mackenzie 

John McCabe. St Aidan's High School ... Tynecastle High School ...... with the use of optical fibres for the transmission of information by means of laser ...... of the body, although the body can repair damaged cells and so normal radiation levels.
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The electricity supply to our homes, schools and factories from the National Grid is an ..... In this next online activity, observe the effect on the alternating current through a ...... http://phet.colorado.edu/en/simulation/circuit-construction-kit
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with d.c. and a.c. sources to compare peak and r.m.s. values; .... would expect a 12 V supply to transform 12 joules of energy for every coulomb of charge that flows through ...... An alternative name for the depletion layer is the junction region.














[image: alt]





CfE Advanced Higher Physics Unit 2: Quanta and ... - with mr mackenzie 

graph shows the irradiance plotted against wavelength and it can be seen that ...... Sketch graphs showing: ...... Discovered in 1958 after the Explorer 1 mission.
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The solar wind consists of mostly electrons and protons with energies ...... Optically active materials can change the plane of polarisation of a beam of light. This.
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At this stage there is an end of topic test available online. If however you ...... In general, for two rays of light travelling the same distance d in media with refractive.
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SCHOLAR Study Guide Unit 2: CfE Higher Physics. 1. ... 2 Forces on charged particles. 23 ...... http://www.exploratorium.edu/origins/cern/ideas/standard3.html.
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Under the heading â€œBig Data, bigger Universeâ€�, zoom to where you sit in the scale of ...... The synchrotron is a more powerful and more advanced design of circular ...... Here, only three beams are considered for simplicity but the analysis can.
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where n is an integer. This quantisation of angular momentum fitted in with the predicted energy levels, but left a crucial question unanswered. Why were these particular orbits allowed? In other words, what made this value of angular momentum so spe
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SCHOLAR Study Guide Unit 2: CfE Advanced Higher Physics. 1. CfE Advanced Higher Physics Course Code: C757 77. ISBN 978-1-911057-01-7 ...... The minimum uncertainty in a particle's position x multiplied by the minimum uncertainty in a particle's momen
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Julie Boyle (St Columba's School). Reviewed by: ... Energy transformation associated with movement of charge . .... The unification of electricity and magnetism .
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or transmitted in any form or by any means, without written permission from the publisher. Heriot-Watt University accepts no responsibility or liability whatsoever with regard to the information contained in this study guide. Distributed by the SCHOL
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played a significant part in the development of the standard model. ... In a Rutherford scattering experiment, a beam of alpha particles is fired at a sheet of.
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electromagnetic pumps have been used in medical physics to transport blood in heart- lung machines and artificial kidney machines. Blood transported in this way can remain sealed and so the risk of contamination is reduced. There is also less damage 
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ultrasound procedure. Why is this? Good contact is important. ..... For example in a telephone system? .... The distance from the centre of the lens to the principal ...
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Page 6 ... A galaxy is a group of stars, gases and dust held together by gravity. â€¢ The universe is all existing matter and space considered as a whole.
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