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Introduction

Welcome to Edexcel A Level Physics Year 2 Student’s Book. If you used the Year 1 book, you will already be familiar with the approach adopted by the writers – essential text, illustrated with many contextual examples, an emphasis on practical work and lots and lots of questions for you to try. The Edexcel specification has been developed from the best of the Edexcel concept-led and the Salters Horners context-led approaches. Although the book has been specifically written to cover the concept approach to the specification, the contextual examples and practice questions make it a most valuable resource for the context approach as well. The authors both have vast experience of teaching, examining and writing about physics. Both have examined for Edexcel at a senior level for over 30 years and served as Chief Examiners.

Although this book is designed as a resource for the second year of the A-level course, you mustn’t forget the work you did in the first year as your A-level examination will test you on the whole of your two years’ work. Some of the Prior Knowledge questions at the start of each chapter will, hopefully, jog your memory!

A key aspect of the text is the emphasis on practical work. Although you do not have a practical examination as such, questions based on practical work pervade all the A-level papers, particularly Paper 3, which comprises practical-based and synoptic questions. There is also an internally assessed Practical Endorsement at A level, for which you should have started a portfolio of work in Year 1. Nine of the Core Practicals in the specification were described in Book 1 and the other seven are described here in detail and in such a way that students can carry out the experiments in a laboratory environment. Each experiment has a set of data for you to work through, followed by questions similar to those you will be asked in the examination. Questions within written examination papers will aim to assess the knowledge and understanding that students gain while carrying out practical activities, both within the context of the 16 core practical activities and in novel practical scenarios. In addition, the completion of the 16 core practical activities can provide evidence of competence for the Science Practical Endorsement. The core practicals are also intended to provide students with opportunities to undertake investigative work, therefore the core practical experiments described in this book must be considered as examples of the sort of activity that could be undertaken.

Many other experiments – under the heading of Activities – are also described, together with data and questions. An additional chapter – Practical skills – is available online. It is a reminder of the key practical skills that should be developed through teaching and learning and will form the basis of practical assessment in the written examination.

Before carrying out any practical activity, teachers must identify any hazards and assess any risks. This can be done by consulting a model (generic) risk assessment such as that provided by CLEAPSS to subscribing authorities.

Emphasis is also placed on practising questions. The text is abundantly illustrated by Examples, which are accompanied by answers to enable you to check your progress. There are then Test Yourself questions for you to try (Answers for these can be accessed using the QR codes found in the Free Online Resources section at the end of this book) and at the end of each chapter there are Exam practice questions. These are graded in terms of difficulty (• = A-level Grade E, • A-level Grade C and • = A-level Grade A/A*). In the Exam practice questions the mark allocation for each part is shown, as it would be in the examination. The answers give an indication of how the marks might be awarded but not in the same detail that there would be in an actual mark scheme.

Throughout the book there are Key Terms highlighted in the margin that you need to learn. There are also numerous Tips. These may be reminders, for example, to use SI units, warnings to avoid common errors or hints about short cuts in performing calculations.

Another additional chapter – Preparing for the exams – is available online and is a valuable guide on revision and exam technique. As you need to put these principles into practice from day 1, you are strongly advised to read through this before you start your course (although you probably won’t be able to attempt the questions). You should then re-visit the chapter from time to time, particularly when prompted in the book to refer back to the questions in that chapter. You may also find it helpful to re-visit Chapter 18 – Maths in Physics in the Year 1 book. This provides an outline of the mathematical requirements, together with lots of simple (and not so simple!) examples for you to practise. You should note the extra requirements for A level compared with those for the AS examination.

The authors have enjoyed writing this book – we hope you enjoy reading it and find it, along with the supporting material, a valuable resource to help you with your studies. Good luck!


Get the most from this book

Welcome to the Edexcel A level Physics Year 2 Student’s Book! This book covers Year 2 of the Edexcel A level Physics specification.

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

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

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

These highlight important facts, common misconceptions and signpost you towards other relevant topics.
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Key terms and formulae

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

[image: ]




[image: ]

Examples

Examples of questions and calculations feature full workings and sample answers.
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Exam practice questions

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

These practical-based activities will help consolidate your learning and test your practical skills. Edexcel’s Core practicals are clearly highlighted.
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Dedicated chapters for developing your Practical skills and Preparing for your exam are also included with the other Free online resources, details of which are available at the end of this book.
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1 Momentum and energy
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Prior knowledge

You should know from earlier work covered in GCSE science or in your Advanced level studies:


•  that momentum is defined as p = mυ and is a vector quantity

•  that vector quantities, e.g. p or υ, have a direction, but scalar quantities, e.g. m or t, do not

•  how to add vector forces, e.g. 4 N plus 3 N at right angles ⇒ a force of size 5 N

•  that momentum is measured in N s or kg m s−1 as N ≡ kg m s−2

•  that kinetic energy is defined as [image: ]

•  that kinetic energy is measured in J or N m or kg m2 s−2

•  how to use algebra to manipulate symbols, e.g. to produce [image: ]

•  Newton’s second law of motion in the forms [image: ]

•  Newton’s third law: the push or pull of A on B is equal in size to the push or pull of B on A

•  that W and m are different quantities and that W = mg

•  that changes in GPE near the Earth’s surface are calculated as ΔGPE = mgΔh
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Test yourself on prior knowledge


1  State why momentum is a vector quantity and kinetic energy a scalar quantity.

2  State a) two vector quantities, and b) two scalar quantities other than those quoted in Q1 or Q3.

3  Sketch a diagram to illustrate how to add a displacement of 50 m north to 20 m east.

4  Show that a joule is equivalent to a kilogram metre squared per second squared.

5  Use definitions of momentum p and KE to show that p2 = 2m × KE.

6  Write down in words a statement of Newton’s second law in its most general form.

7  A book of mass 3.2 kg rests on a table. What is the upward push of the table on the book?

8  A crane lowers a ‘bag’ of aggregate of mass 1600 kg a vertical distance of 2.8 m. Calculate the loss of gravitational potential energy of the bag of aggregate.
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1.1 Impulse and momentum

In Edexcel A Level Physics Year 1 Student’s Book, we briefly introduced the term impulse and saw that it was given by the product of the force acting on a body and the time for which the force acted, i.e.

Impulse = FΔt


[image: ]

Key term

Impulse = force × time

[image: ]



The unit of impulse will therefore be N s

We also know that force = rate of change of momentum (Newton’s second law), i.e.

[image: ] or, more mathematically, [image: ]

We can re-write this as

FΔt = Δp

But as FΔt is impulse, we can say

Impulse = change in momentum


[image: ]

Tip

Don’t get confused, remember that:


•  Impulse = change in momentum

•  Force = rate of change of momentum



[image: ]



We can represent impulse graphically as shown in Figure 1.1.


[image: ]


In Figure 1.1a, the force remains constant and so the impulse is FΔt. This is, of course, the area under the graph. We can extend this to any shape of graph – the area under a force–time graph is always equal to the impulse. So, in Figure 1.1b, the impulse is the area of the triangle [image: ]

For those of you who are mathematically inclined, we had above that [image: ]. If we now integrate both sides of the equation we get:

[image: ]

We know that [image: ] means the area under a graph of force against time (even if F is not constant) and so this tells us that, indeed, the area under a F–t graph is the impulse, or change of momentum.


[image: ]

Tip

You do not need to have any knowledge of calculus for the examination.
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Impulse is an important factor in car safety and plays a major part in all ball games.


[image: ]

Example

A boy of mass 30 kg jumps off a wall 0.90 m high. On hitting the ground, his impact time is 0.2 s.


a) Determine




    i)    the speed of impact

    ii)   his momentum on impact

    iii)  the impulse of the ground on his feet

    iv)   the force he experiences.




b) Explain why bending his knees on impact reduces the force exerted on him.



Answer


a) i)
[image: ]




    ii)
[image: ]

    iii)  Impulse = Change in momentum = 126 N s (since he comes to rest)

    iv)
[image: ]



(This is just over twice his weight.)


b) If he bends his knees on impact, he will increase the time of impact as he will come to rest more slowly. If the time of impact is increased, the force of impact will be reduced.



[image: ]



Car safety

Consider a car involved in a head on collision (the major cause of death in car accidents). Before the collision, the car will have momentum p = mv. On collision, the car (and the passengers inside) will be brought to rest (zero momentum) very quickly. This change of momentum, Δp, will produce an impulse FΔt, experienced by the car and its occupants. If we can increase the time of impact, Δt, then the force F experienced by the car and its occupants will be proportionally reduced. This can be achieved by the design of the car (a ‘crumple zone’ at the front and air bags for the front seats) and by the occupants all wearing seat belts.

The safety of European cars is tested in a laboratory and every make of car is given an ‘NCAP’ (New Car Assessment Programme) safety rating. One of the tests involves driving the car into a concrete block (by driving we of course mean by remote control, with a wired-up dummy in the driver’s seat). One such test is shown in Figure 1.2 – here we can see the crumple zone at the front of the car and the driver protection from the seat belt and inflated air bag.


[image: ]
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Example

To a good approximation, a force–time graph for a head-on car crash looks like Figure 1.3.


[image: ]



a)  Calculate the impulse experienced by the car in the crash.

b)  If the car has a mass of 1500 kg, what was its speed immediately before collision?

c)  To improve the safety of the car, the manufacturer sets out to design a more effective crumple zone. Explain what the manufacturer would try to do to achieve this.

d)  Copy Figure 1.3 and add a second graph to show what would happen if the car had an improved crumple zone and collided with the same speed as before. Explain what features of the two graphs are different and what features are the same.



Answer


a)
[image: ]

b)  From impulse = Δp we have Δp = 30 000 kg m s−1




      As [image: ]

c)  The manufacturer would try to increase the impact time.




      As impulse = mΔv = FΔt, for the same car (same m) travelling at the same speed (v) the force of impact will be reduced if the time of impact Δt can be increased.

d)  The second graph should start at the same place as the first, have a smaller maximum force and a longer impact time, but the areas under each of the two graphs should be the same.
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A question of sport

Impulse plays a very important part in all ball games. Let’s start with football. The longer the foot remains in contact with the ball, the greater the impulse will be for a given kicking force. A greater impulse means a greater change in momentum, so the ball travels with greater speed. A greater time of impact is achieved by the player ‘following through’. A good follow through is important in other games too, for example cricket, tennis, golf and hockey. In hockey, players are not allowed to follow through with a high stick if they are close to other players – they would be penalised for dangerous play. Modern hockey players now employ the sweep hit. The player gets low to the ground and ‘sweeps’ the ball with a horizontal stick. The ball stays on the stick for a longer time, giving a larger impulse and also more control, as shown in Figure 1.4.


[image: ]


Conversely, players wear shin pads in football and hockey. The pads serve to increase the time of impact and therefore reduce the force if a player is kicked playing football or struck with the ball (or stick!) in hockey.

In tennis, the tension in the racket strings is important. If the strings are loosely strung, the ball stays in contact with the racket for a longer time and so the impulse, and therefore the speed with which the ball travels, is greater. However, it is more difficult to control the direction of the ball. Good players exert control by imparting ‘top spin’. This causes the ball to rotate in the direction of travel, which increases the air pressure acting on the top of the ball, making the ball ‘dip’ once it has crossed the net. This is exemplified by Rafael Nadal, who has his rackets strung at low tension and imparts huge top spin to keep the ball in court. On the other hand, Novak Djokovic, who is more of a ‘touch’ player, has his rackets more tightly strung to give him more control. Table tennis players use top spin and back spin and footballers use side spin to create shots that swerve – ‘Bend it like Beckham’.


[image: ]
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Example

In a dynamic test, a tennis ball of mass 57 g is dropped from a height of 2.54 m onto a steel plate. It rebounds to a height of 1.38 m. A graph of how the force on the ball varied with time was recorded. A simplified version of the graph is shown in Figure 1.6.


[image: ]



a)  Show that the ball hits the plate with a speed of about 7 m s−1 and rebounds with a speed of about 5 m s−1.

b  Discuss whether the ball meets the specification that ‘in the 100 inch test the ratio of the speeds before and after impact must be 0.728 − 0.762’. (1 inch = 2.54 cm).

c  Calculate the impulse of the plate on the ball.

d  Show that the maximum force exerted on the ball calculated from this data is in agreement with that shown on the graph.

e)  Comment on the test report statement that ‘the maximum force is between 100 and 1000 times the weight of the ball’.



Answer


a)
[image: ]

b)  The ball was dropped from 2.54 m, which is the required ‘100 inches’.
The ratio of speed after to speed before is [image: ].

      This is within the specified range and so the ball passes the ‘100 inch test’.

c)  Impulse = change of momentum. Taking upwards as positive:

[image: ]

d)  This is represented by the area under the force–time graph. As the graph is almost a triangle, to a good approximation:

        [image: ]

    [image: ]

      Which is, to 2 SF, in agreement with the maximum value of F on the graph.

e)
[image: ]

      The force of 360 N is 360 N/0.56 N = 640 times greater than the weight of the ball, which is in the stated range of 100–1000.






[image: ]

Tip

In ‘show that’ questions, always give your answer to one more SF than the values you are asked to show – the examiner then knows that you have actually done the calculations correctly!

You should then use your more precise values for the rest of the question. If you can’t work out the values for yourself, then just use the ‘show that’ values for the rest of the question and you will be given full credit.

[image: ]
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Tip

Don’t forget that force, momentum and velocity are all vectors and so their direction must be taken into account when doing calculations such as those in c).

[image: ]
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Test yourself


1  Calculate:




    a) the impulse due to a force of 200 kN acting for 50 ms;

    b) the force produced by an impulse of 250 N s acting for 100 ms;

    c) the time for a car of mass 1250 kg to be brought to rest from a speed of 24 m s−1 in a head-on collision if the average force on the car is 300 kN.




2  Figure 1.7 shows two force–time graphs for passengers in a car crash. Analysis of these graphs can provide us with a lot of information. Passenger A has a mass of 100 kg and passenger B has a mass of 94 kg.




    a) Explain why the force experienced by passenger A is much greater than that exerted on passenger B.

    b) Suggest where each passenger might have been sitting. Justify your answer.

    c) State what the area under each graph represents and explain why the area under each graph is not the same.

    d) Calculate the area under graph B and hence estimate the speed with which the car was travelling before collision.
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Core practical 9

Investigation of the relationship between the force exerted on an object and its change of momentum

This experiment uses the same apparatus and is similar to the experiment described in Book 1 to investigate force and acceleration.

Safety note: Place a padded box beneath the load so that the floor and masses don’t get damaged. Also, to avoid injuries to feet, don’t stand under falling masses!


[image: ]


The light gates are connected to a suitable data logger and the results can either be interpreted manually or can be fed into a suitable computer programme. The following data is required:


•  The length l of the card (200 mm in this experiment)

•  The times for the card to pass through each light gate, t1 and t2

•  The time for the car to travel from the first light gate to the second light gate Δt

•  The mass of the trolley mT (450 g in this experiment).



A typical print-out is shown in Figure 1.9.


[image: ]


The velocity through the first gate [image: ] and the velocity through the second gate [image: ].

The change in momentum is then Δp = m(v2 − v1) = mΔv where m is the mass being accelerated.

We need to think carefully about m. The force, which is the weight of the masses hanging over the pulley (labelled ‘load’), has to accelerate the combined mass of the trolley, the masses on the trolley and the masses hanging over the pulley. In order to vary the force and at the same time keep m constant we have to take one of the masses off the trolley and add it to the load each time.

Times t1, t2 and Δt are obtained for a range of values for the load, keeping m constant using the technique as described above, and are tabulated as shown in Table 1.1. The numbers can then be ‘crunched’ using a spreadsheet.

If a graph of FΔt on the y-axis against Δv on the x-axis is plotted, a straight line through the origin would show that Δv ∝ F. If the gradient is found to be m, then we can say that

FΔt = mΔv or F = mΔv/Δt = rate of change of momentum

Questions


1  Copy and complete Table 1.1 – the first row has been done for you. You are recommended to set up a spreadsheet for this.




[image: ]



2  By referring to Figure 1.8 and the values for F in the table, determine the mass of each of the weights and hence m, the total mass being accelerated. Explain how you did this.

3  Plot a graph of FΔt on the y-axis against Δv on the x-axis.

4  Determine the gradient of your graph.

5  Calculate the percentage difference between the gradient of your graph and the total mass m and comment on your answer.



[image: ]



1.2 Work and energy

This chapter is an opportunity to revise your understanding of momentum and kinetic energy in interactions. Remember that momentum is always conserved. You will learn that kinetic energy is usually not conserved in collisions. These are known as inelastic collisions. However, elastic collisions in which kinetic energy is conserved do occur – for example between molecules and between nuclei, and also sometimes (almost) between larger objects such as snooker balls. Elastic collisions between particles of equal mass result in special outcomes that are important to both particle physicists and snooker players!


[image: ]


You can calculate the work done by a force as

ΔW = FavΔx

Using this you can calculate how much mechanical energy an object has been given. This energy might be stored as



	 
	gravitational potential energy    
	(ΔGPE = mgΔh)



	or as    
	elastic potential energy
	(ΔEPE = [image: ]kΔx2)



	or as
	kinetic energy
	(KE or Ek = [image: ] mv2).




Mechanical energy sometimes appears to be lost to the surroundings, often as a result of work done against air resistance or contact friction. When this happens we say that there has been a transfer of mechanical energy to internal energy – thermal energy of the particles of the surroundings (see page 12).

The principle of conservation of energy states that energy is never created or destroyed, but it can be transferred from one form into another. Other forms of energy include chemical energy and radiant energy. You will meet yet more forms, such as nuclear energy and electrostatic potential energy, later in this book.


[image: ]

Key term

The principle of conservation of energy: energy can neither be created nor destroyed, but merely transferred from one form to another.

[image: ]



Some useful equations

Look at the equations for kinetic energy Ek and linear momentum p:

[image: ]

For an object of mass m we can eliminate the velocity v and get equations linking kinetic energy to momentum. Squaring the second equation and rearranging the first gives:

[image: ]

So, with no v:

[image: ]


[image: ]
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Example

Calculate


a)  the momentum of a 58 g tennis ball with kinetic energy of 75 J

b)  the kinetic energy of an arrow of mass 0.12 kg with a momentum of 5.2 kg m s−1.




    •  You will need to use the two equations on the previous page but you are not expected to remember them.



Answer


a)  Using [image: ] gives the momentum of the ball as



[image: ]


b) Using Ek = p2/2m gives the kinetic energy of the arrow as



[image: ]

[image: ]




[image: ]

Tip

Look to see if the equations are homogeneous with respect to units: the key is that J = N m = kg m2s−2, so all is well.

[image: ]



These relationships work in the microscopic world as well as in everyday life. But for fast-moving atomic or nuclear particles the equations only work if the particles are moving at less than about 10% of the speed of light, c = 3.0 × 108 m s−1. Such particles are called non-relativistic particles. We will consider particles moving at almost the speed of light in Chapter 8.

The energies of particles such as electrons and protons, and of ions such as alpha particles, are usually quoted in a unit much smaller than the joule; the electron-volt (eV).

1 eV ≡ 1.6 × 10−19 J

The energy of both an electron and a proton that have each been accelerated through 150 V will be 150 eV. However, because they have very different masses, they will have very different momenta.


[image: ]

Key term

The electron-volt is the energy gained by a particle of unit electronic charge when accelerated through a p.d. of 1 volt.

[image: ]




[image: ]

Example

What is the momentum of:


a)  an electron of mass 9.1 × 10−31 kg,

b)  a proton of mass 1.7 × 10−27 kg,
each of which has a kinetic energy of 150 eV?



Answer

For both, 150 eV = 150 × (1.6 × 10−19 J) = 2.4 × 10−17 J.

Using [image: ]


a)  [image: ]

b)  [image: ]



[image: ]




[image: ]

Tip

Trying to remember formulas like [image: ] is not essential - this one is given in the data list as

[image: ]

Make sure you understand the basic principles.

[image: ]



The same applies to large objects. In Figure 1.12 Sam has a mass of 32 kg, and the tennis ball has a mass of 0.055 kg. Let’s work out their momenta if each has a kinetic energy of 100 J.

Using [image: ]

[image: ]

[image: ]

So their momenta are very different, though their kinetic energies are the same.


[image: ]



[image: ]

Test yourself


3  What is the kinetic energy of a sprinter of mass 85 kg running at 10 m s−1?

4  Name three forms of energy other than kinetic energy or elastic potential energy.

5  From the equation [image: ], show that [image: ]

6  Express 6.5 GeV in joules.

7  Show that the two units of momentum, kg m s−1 and N s, are equivalent.



[image: ]



1.3 Elastic and inelastic collisions

Think of colliding trolleys fitted with a pin and cork so that they stick together when they collide. Figure 1.13 shows the arrangement. What do you think happens to the kinetic energy of the trolleys in such a collision?


[image: ]


First suppose the mass of each trolley is m, i.e. mA = mB = m. The equation expressing the conservation of momentum then becomes:

[image: ]

[image: ]

[image: ]

∴ the total KE has fallen from [image: ].

Momentum has, as always, been conserved but some kinetic energy has been lost - half the initial kinetic energy in this case. This result is the same for all collisions where objects of equal mass form linked collisions. Such a collision is an example of a non-elastic or an inelastic collision.

But remember, total energy must be conserved. The loss of kinetic energy is equal to the gain in internal energy – in this case as the pin enters the cork. The Sankey diagram in Figure 1.14 emphasises this energy conservation.


[image: ]



[image: ]


Table 1.2 shows data for gliders P and Q from Figure 1.15, that move towards each other on an air track, collide and bounce back. The two gliders had been fitted with small magnetic buffers that were set to repel. The change of momentum Δp and the change of kinetic energy ΔEk have both been calculated and are shown in the last two columns. Left-to-right has been chosen as positive for u, v and Δp. Glider P initially moves to the right and Q moves to the left.

Here are some possible results using this apparatus:


[image: ]


You can see that the change of momentum of glider P is 0.080 kg m s−1 to the left, and that of glider Q is 0.080 kg m s−1 to the right, i.e. momentum is conserved. Is kinetic energy conserved?

The data for Ek in Table 1.2 tells you that there was no loss of kinetic energy, as all the 0.0048 J lost by glider Q is gained by glider P. This type of collision, where kinetic energy is conserved, is called an elastic collision. In the everyday world almost all collisions are inelastic, but in the sub-atomic world elastic collisions are not uncommon. (You could set up a spreadsheet to analyse any two-body collision, if you were provided with the data for the masses and velocities of the two bodies.)


[image: ]

Key term

An elastic collision is a collision in which no kinetic energy is lost, i.e. the total kinetic energy of the colliding objects before the collision is equal to the total kinetic energy of the objects after the collision.

[image: ]




[image: ]

Example

A 1200 kg car is stationary on an icy road. The car is hit from behind by a skidding lorry of mass 5600 kg that is moving at 18 km h−1 (5.0 m s−1). The two vehicles remain locked together after the crash as shown in Figure 1.16.


a)  What type of collision is this crash?

b)  What fraction of the lorry’s kinetic energy becomes internal energy as a result of the collision?




[image: ]


Answer


a)  The collision is not an elastic collision, it is an inelastic collision.

b) Suppose the velocity after the crash is v. Using the principal of conservation of momentum, which is upheld in all collisions, gives:



[image: ]


    which is 12 300 J/70 000 J = 0.176 or, to 2 SF, 18% of the lorry’s original KE.



[image: ]



Fairgrounds with bumper cars also show collisions taking place. Suppose two cars, B and G, are moving along the same line and the boy in B is moving faster than the two girls in G: see Figure 1.17.


[image: ]


Table 1.3 gives the masses and speeds of the two cars before and after the collision.


[image: ]


When they collide, the car with the two girls is ‘bumped’ forward at 4.0 m s−1. In order to calculate the resulting speed v of the boy in his car, we use the principle of conservation of momentum (P of C of M):

[image: ]

If you work out KEbefore × KEafter for these bumper cars you will find that the collision was, not unexpectedly, inelastic, i.e. there was a loss of kinetic energy in the collision. You should check this for yourself.


[image: ]

Tip

‘Discuss’ here means you have to calculate whether or not any kinetic energy has been lost in the collision.

[image: ]
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Example

A non-relativistic proton of mass m moving at a speed 10u makes a head-on collision with a stationary helium nucleus of mass 4m. As a result of the collision, the helium nucleus moves forward at 4u.

Discuss whether this collision is elastic or inelastic.

Answer

Suppose the speed of the proton after the collision is v. As momentum is conserved,

[image: ]

So the proton bounces backwards at a speed of 6u.

Kinetic energy of the proton before collision:

[image: ]

Kinetic energy of the proton and the helium nucleus after collision:

[image: ]

As both KEbefore and KEafter are equal to 50mu2, the kinetic energy lost is zero, so the collision is elastic.

[image: ]




[image: ]

Tip

When, as in the examples, the problem is not split into separate parts, try to see ‘where you are going’ before lunging into a solution.

[image: ]




[image: ]

Test yourself


8  Calculate from first principles the kinetic energy of a rowing boat of mass 220 kg having a momentum of 440 N s due south.

9  Sketch a diagram showing the gliders described on page 12 ‘before’ and ‘after’ their collision.

10 A stationary nucleus of radium-226 decays to radon-222 by emitting an α-particle. Explain whether this is an elastic or a non-elastic event.

11 Confirm that the change of momentum Δp and the change of kinetic energy ΔEk of glider P in Table 1.2 are correct.



[image: ]



1.4 Collisions in two dimensions

Up to now all collisions we have considered have been between two objects moving in the same straight line: they were all one-dimensional collisions. A very brief look at a game of snooker will show you that collisions on a snooker table are rarely one-dimensional; nor are collisions between fast-moving protons and other nuclear particles.


[image: ]

Example


[image: ]


The balls forming a two-dimensional collision in Figure 1.18 have the same mass, 125 g. The one moving from the left strikes a ball that is stationary. The positions of the balls are taken from a stroboscopic photograph of the collision. The stroboscope flashes every 0.01 s and Figure 1.18 is one-tenth of the true size of the collision.

Questions


a)  Calculate the speeds of the balls by measuring the distances they each travel in four camera flashes.

b)  Calculate the size of the momenta of each ball before and after the collision.

c)  Measure the angles between the initial direction of the white ball and of each of the two balls after the collision.

d)  Calculate the component of the momentum of the white ball ⊥ to the initial direction and the component of the momentum of the red ball ⊥ to the initial direction.

e)  Comment on the results to part (d) and suggest which measurements are the least precise.



Answers


a) i) The speed of the incoming white ball



[image: ]


    ii) The speed of the outgoing white ball



[image: ]


    iii) The speed of the outgoing red ball



[image: ]


b)  Dividing the speeds by 1000 mm per m, and the masses by 1000 g per kg gives the size of the momenta in kg m s−1. For example, in (i)



[image: ]


      Similarly, the size of the two momenta are (ii) 0.063 kg m s−1, (iii) 0.113 kg m s−1.




c)  The white ball moves to the left (of the original direction) at an angle of 61° and the red ball moves to the right at an angle of 29°.

d)  The component of the momentum of the white ball ⊥ to the initial directions



= −(0.063 kg m s−1) × sin 61°

= 0.055 N s (taking ‘left’ as negative)


      The component of the momentum of the red ball ⊥ to the initial direction



= + (0.113 kg m s−1) × sin 29°

= 0.055 N s (taking ‘right’ as positive)


e)  The calculated right and left, positive and negative, momenta are equal, i.e. the sideways momentum is zero both before (obviously) and after the collision. The least precise measurements are those of the angles.



[image: ]



Another way of using Figure 1.18 to show that momentum is conserved here, is to resolve each of the momentum vectors after the collision along the line of the incoming white ball, and add these components. The sum of the resolved momenta along the direction of the original ball will add up to be (about) the same as the momentum of the incident ball. This will show that the total ‘forward’ momentum is conserved in the collision. You should check this for yourself.


[image: ]

Tip

When doing calculations like 25 sin 37°, on a calculator, it is best to put in the 37° first, press the ‘sin’ sign, and then multiply by 25. (The result should be 15.)

[image: ]
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Core practical 10

Analysing a collision between small spheres

Figure 1.19 shows a multiple flash collision between two balls, the larger one of mass 100 g and the smaller one of mass 43 g, both of which enter from the top of the photograph. The flashes occur 30 times per second and the photograph is one-eighth actual size.


[image: ]


Questions


1  Calculate the percentage errors in the speeds of the two balls if a) the possible error in the flash rate was 30 s−1 ± 1 s−1 and b) the size of the photograph could have been anything between one seventh and one ninth of actual size. Comment on your answers.

2  Determine the speeds of the balls before and after collision and hence investigate whether the collision is elastic.

3  Using a vertical line as the reference direction, determine the momentum of each ball before and after the collision.

4  By drawing vectors, or calculating components of the momenta, check that linear momentum is conserved in the collision.



Note: This is just one way of performing the Core Practical. An alternative method, with a video of a collision and subsequent analysis using ICT to analyse the data, can be found online. This can be accessed using the Free online resources at the back of the book. You are strongly advised to look at this.

[image: ]
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Example

The yellow lines in the photograph of Figure 1.20a show a non-relativistic alpha particle making a collision in a cloud chamber filled with helium gas. Figure 1.20b shows the velocities of the incoming alpha particle before the collision and of the alpha particle and the recoiling helium nucleus after the collision. The alpha particle and the helium nucleus each have a mass of 6.65 × 10−27 kg. Figure 1.20b shows the direction and momenta of the particles.


[image: ]



a)  Make a table showing the calculated values of the momentum of each of the particles before and after the collision.

b)  By resolving the vector momenta, show that the initial momentum of the incoming alpha particle is conserved after the collision.



Answer


a)  Table 1.4





	 
	Mass times velocity (mu/kg × m s−1)
	Momentum (p/kg m s−1)



	alpha particle: before collision
	(6.65 × 10−27) × (1.50 × 107)
	9.98 × 10−20



	helium nucleus: before collision
	0
	0



	alpha particle: after collision
	(6.65 × 10−27) × (1.23 × 107)
	8.18 × 10−20



	helium nucleus: after collision
	(6.65 × 10−27) × (0.86 × 107)
	5.72 × 10−20





b)  Sum of components of momentum after collision parallel to initial path of alpha particle



= (8.18 × 10−20 kg m s−1) cos35° + (5.72 × 10−20 kg m s−1) cos55°

= 6.70 × 10−20 kg m s−1 + 3.28 × 10−20 kg m s−1

= 9.98 × 10−20 kg m s−1


    This is equal to the initial momentum of the incoming alpha particle. Vector momentum is conserved.



[image: ]



In both Figures 1.18 and 1.20a, of two identical mass balls colliding and two equal-mass nuclear particles colliding, the angle between the two particles after the collision is 90°. It can be shown that the 90° angle occurs only when the collision between objects of equal mass is an elastic one. (Snooker players know this and take steps to avoid possible ‘in-offs’.) It was photographs such as that in Figure 1.20a that confirmed the fact that alpha particles are identical to helium nuclei (both contain two protons and two neutrons).


[image: ]

Tip

The questions is the last example are complex and might be worth up to 10 marks in a test or exam. It must be worked through, stage by stage, showing all your calculations with units.

[image: ]



Below are two other situations involving collisions that are close to being elastic:


•  A heavy ball or particle strikes a much lighter one that is at rest. The heavy ball ‘carries on’ and pushes the lighter one forward. In this case, the angle between the two after the collision is less than 90° when the collision is elastic.

•  A light ball or particle strikes a much heavier one that is at rest. In this case, the light ball ‘bounces back’ and the heavy one moves forward. The angle between the two after the collision is more than 90° when the collision is elastic.



This information is most valuable when analysing photographs showing collisions between nuclei, which are all collisions in which kinetic energy is conserved, i.e. elastic collisions.


[image: ]

Test yourself


12 Explain in words what is meant by a ‘parallelogram of vectors’.

13 Calculate values for:




      a) (56 kg)sin22

      b) (90 m)cos90

      c) (5.0 s)tan58




14 Draw two sketches showing, as seen in a nuclear detecting chamber:




      a) an elastic collision between a heavy particle that strikes a much lighter one

      b) an elastic collision between a light particle that strikes a much heavier one.



[image: ]



1.5 Rockets and jets

Newton’s second law leads to:

Force = rate of change of momentum

i.e. [image: ]

We usually consider situations in which m is constant, so

[image: ] or, instantaneously, [image: ]

Sometimes this can be thought of the other way round:

[image: ]

These equations are needed when answering questions about rockets, see Figure 1.21, or streams of matter such as water being pumped out of pipes. In these situations the stream of matter is ejected with constant velocity, v, at a rate of Δm/Δt or dm/dt.

Clearly the units of the quantities on the right hand side for each way of ‘seeing’ Newton’s second law are those of [image: ] or N (newtons).


[image: ]

Example

A large rocket is shown taking off in Figure 1.21. The rocket ejects gases, the result of exploding a mixture of oxygen and hydrogen, at the rate of 12 000 kg s−1 – a rather violent explosion, to say the least! If the exhaust speed of these gases is 4400 m s−1, calculate the upward thrust of the ejected gases on the rocket.


[image: ]


Answer

The downward push of the rocket on the exhaust gases, using Newton’s second law, is given by

[image: ]

By Newton’s third law, the upward push of the ejected gases on the rocket Fu is equal in size but opposite in direction to this downward push of the rocket on the exhaust gases Fd. It is therefore of size 53 MN (a force big enough to lift a mass of over 5000 tonnes at the Earth’s surface).

[image: ]




[image: ]

Tip

The key to most questions like this is to use and remember Newton’s third law.

[image: ]



‘Water cannons’ are widely used in crowd control. The water, of density ρ, that ‘hits’ an individual exerts a force F on her or him that is equal to [image: ]. In a time Δt the volume of water hitting its target is, assuming that the water hits its target full on, A × vΔt, where A is the cross-sectional area of the water stream.

Its mass m is therefore

Δm = A × vΔt × ρ

This gives

[image: ]

Therefore the rate of change of momentum is:

[image: ]

In this case v might be 8 m s−1 and A about 25 cm2 or 0.0025 m2. As the density of water is 1000 kg m−3, the force will be F = 160 N, a force equal to the weight of a 16 kg mass, which is quite enough to assist the police in controlling a crowd of people.

In fact [image: ] is a general relationship for calculating (approximately) the force of a jet of liquid or gas (perhaps air) that is brought to rest after colliding with something. This ‘formula’ is, however, not one you are expected to remember.


[image: ]

Tip

When tackling problems about jets of liquids or solids from first principles, it is essential to introduce a time Δt or to quote a given time interval such as ‘in 1 second’.

[image: ]



A jet engine: 1 takes in cold air, 2 heats this air, 3 throws out hot air. This, of course, is a very simplified story: in fact aeronautical engineers have been improving and redesigning jet engines for well over sixty years. Some of the earliest successful jet engines were used towards the end of the Second World War to power the ‘doodlebugs’ that flew to London carrying bombs from German-controlled Europe. These doodlebugs (as the people of London called them) used up all the fuel they carried by the end of their flight, and Londoners could hear the engine cut out - a sudden silence that meant a bomb was about to fall to the ground.


[image: ]



[image: ]

Test yourself


15 Show that ν2Aρ has the unit of force.

16 Use F = ν2Aρ to estimate the force of a wind with an average speed of 10 m s−1 (about 16 mph) on a building presenting an area of 200 m2 to the wind. Take the average density of the air to be 1.2 kg m−3.

17 Explain how a helicopter can ‘hover’ (remain in one position) in the air.



[image: ]
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Exam practice questions


•

1  Which of the following is always true?




    A Kinetic energy is conserved in collisions.

    B Recoil is the result of explosive charges.

    C Impulsive forces only act for short times.

    D Linear momentum is conserved in collisions.

[Total 1 mark]




•

2  Explain the difference between an elastic collision and an inelastic collision.

[Total 3 marks]

•

3  A loaded railway wagon of mass 21 tonnes collides with an empty stationary wagon of mass 7 tonnes. They couple together and move off at 3.5 m s−1.




    a) Show that the speed of the loaded wagon before the collision was 4.7 m s−1.

[2]

    b) Calculate the percentage loss of kinetic energy in this collision.

[4]

[Total 6 marks]




•

4  In Figure 1.23, which diagram represents an elastic collision between a heavy moving body and a light stationary body?

[Total 1 marks]




[image: ]



•

5  A compressed spring is placed between two trolleys of mass m and 4m and the trolleys are let go. Describe what happens and explain where the kinetic energy of the trolleys comes from.

[Total 3 marks]




•

6  Two ice dancers are moving together in a straight line across the ice at 5.8 m s−1. The man has a mass of 75 kg and the woman has a mass of 65 kg. They push each other apart. After they separate, they are both still moving in the same direction.

    The man’s velocity is now 3.88 m s−1.




    a) Show that the woman’s velocity after they separate is about 8 m s−1.

[3]

    b) Explain what has happened to their kinetic energy.

[4]

[Total 7 marks]




•

7  Taking data from the Example involving an alpha particle colliding with a helium nucleus (page 16), make calculations to decide whether there was any loss of kinetic energy in this two-dimensional collision.

[Total 4 marks]




•

8  A rocket car can accelerate from 0 to 100 mph in a very short time. Outline the physics principles behind this method of propulsion.

[Total 3 marks]




•

9  In a laboratory test a tennis ball is served at 180 kph. Figure 1.24 shows a series of photographs of the racket hitting the ball, with the time scale shown at the bottom. The mass of a tennis ball is 57 g.




[image: ]



    a) Estimate the average force exerted on the ball.

[6]




    b) Suggest why the maximum force is likely to be somewhat greater than this. Justify your answer with reference to Figure 1.24 and by sketching a force–time graph.

[2]




    c) Suggest why it is important for both the ball and the racket strings to be manufactured from elastic materials.

[2]

[Total 10 marks]




•

10 A particle of mass 2m travelling along a line at a speed of v explodes into two equal parts which separate along the line of travel. The explosion doubles the kinetic energy of the system.

    Show that velocities of 2v and zero for the two masses m are consistent with the laws of physics.

[Total 5 marks]




•

11 A helicopter can ‘hover’ in the air by pushing the air downwards using its rotating blades.

    Suggest why helicopters have a small blades mounted on a horizontal axis near the rear of the helicopter.

[Total 4 marks]




•

12 A shell of mass 12 kg moving horizontally at 320 m s−1 explodes into three fragments A, B and C, which continue to move in a common vertical plane.

    Fragment A: mass 2.0 kg continues at 450 m s−1, 45° above the horizontal.

    Fragment B: mass 6.0 kg continues at 400 m s−1, horizontally.

    Fragment C: mass m continues at speed v, in a direction θ to the horizontal.




    a) Calculate the size of the momenta of the shell before it explodes and of fragments A and B afterwards.

[3]




    b) Draw a vector diagram showing these momenta and hence deduce values for m, v and θ.

[5]

[Total 8 marks]




•

13 A helium nucleus, of mass 4m, moving at a velocity of 5v makes a head-on collision with a stationary oxygen nucleus, of mass 16m. After the collision the oxygen nucleus moves forward at 2v.




[image: ]



    a) Calculate the velocity of the helium nucleus after the collision.

[3]

    b) Discuss whether the collision is an elastic collision.

[4]

[Total 7 marks]



Stretch and challenge


14 The Nobel Prize for Physics in 1997 was awarded to Steven Chu, who showed that gas atoms could be slowed down by bombarding them with infrared photons. Photons have momentum p = h/λ, where λ is the wavelength associated with the photon and h is the Planck constant (6.6 × 10−34 J s).




[image: ]



    a) Show that the change of speed Δu of an atom after absorbing an oncoming photon is [image: ].

[3]

    b) For a sodium atom of mass 3.8 × 10−26 kg absorbing an oncoming photon with a wavelength of 0.025 m, calculate the value of Δu.

[2]

    c) Show that the expression [image: ] gives the unit of Δu as m s−1.

[2]

[Total 7 marks]




15 (See question 10) Prove that velocities of the two masses in the described explosion must be 2v and zero.

[Total 6 marks]



[image: ]
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Figure 1.12 Sam and a ball
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Figure 1.18 A 2-D snooker collision
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Figure 1.3 Force-time graph for a head-on car crash
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Figure 1.8 Investigating change if momentum
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Figure 1.7 Graph of forces acting on passengers in a car accident
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