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Linear Momentum

1. What is linear momentum? e If the force acting on a body isonstant then Newton’'s
Second Law can be written as:
Thelinear momentumof a body is defined as the _ Finalmomentum- initial momentum
product of ittassand its velocity Force = time '
mv—mu
p=mv orF=———
p = momentum (kgrity  m = mass (kg) v = velocity (s
¢ |[f the force acting imot constant then we have:

Final momentum- initial momentum
time

Average force =

Tip: The “linear” in linear momentum is there to distinguish it fr

angular momentum. A body has linear momentum if it is molling Example 2.A force acting on a body of mass 2 kg causes its speed to
along; it has angular momentum if ittisrning. Angular momentu increase from 2m$ to 6ms. Find the average force acting, given that
will be covered in a later Factsheet. it acts for 2 seconds, if the final velocity of the body is

a) in the same direction as its initial velocity

b) in the opposite direction to its initial velocity

Since velocity is a vector, linear momentum igegtor quantity — it
has both magnitude and direction. lts units are Kgamsequivalently,
Ns (exercise: show these units are equivalent). Tip: In examples where more than one direction is considered,

good idea to decide right at the beginning which direction yo

Example 1. What is the momentum of a body of mass 50 grammeisyoing to take as positive. Anything going in the opposite dire
moving at 20 kmi due North will have a negative velocity, and hence a negative momentum

Tip: If you would be tempted to put 3®0 = 1000 as your answer
to this example — go back to the definition of momentum and Iqok ataking the direction of the initial motion as positive:
the units! a) Initial momentum = % 2 = 4kgm&
Final momentum = % 6 = 12kgmd
_Final momentum initial momentum

First we must changeverything to th@ppropriate units — kg for mass

and ms' for velocity Average force -
time

50 grammes = 0.05 kg _12-4

20 kmA is 20x 1000 = 20 000 metres per hour 2

which is 20 006 3600 = % mel = 4N in direction of the original motion of the body

Note: it is sensible to keep this answer as a fraction to awidding P) Initial momentum = 4kgrts L o
errors Final momentum = % -6 = -12kgm¥ (since in opposite direction)

50 A force =124
So momentum = 0.06 5 - 0.278 kgmé due North (3 SF) verage rorce

So average force = 8N in the direction opposite to the original
motion of the body

=-8N

Tip: To change kmhto ms', multiply byli8

Tip. Common sense tells you that the answers to parts a) ad b)
cannot be the same. It will take a larger forceawarse the directio|

of the body, then increase its speed to 6ighe opposite directio

than it will to merely increase its speed to Bmis the sam
direction. Also, exam technique tells you that you will not be asid to
do two identical calculations.

2. Force and Momentum

"’ Newton’s Second Law states:

The rate of change of (linear) momentum of an object is proportifinal
to the resultant force that acts upon it

If standard Sl units (newtons, kilograms, metres, seconds) are uged,
then this becomes: Resultant force = rate of change of momentu
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3. Impulse

"' Theimpulseof aconstantforce is given by:
impulse (Ns) = force(N)tisne for which it acts (s)

Example3. A force of 6N acts for 1 minute. Find the impulse of the
force.

Impulse = 6x 60 = 360Ns

In the section above, we met the equation
Final momentum- initial momentum
time
for a body moving under a constant force.

Force =

Rearranging this equation, we get:
Forcex time = Final momentum — initial momentum

This gives us:

'I Impulse = change of momentum

4. Conservation of momentum

""The principle of conservation of linear momentum states
that:

The total linear momentum of a system of interacting bodies re
constant, providing no external forces are acting.

Justifying the Principle of Conservation of Linear Momentum
Suppose two objects, X and Y, collide withch other.

During the collision, X exerts a force on Y,and Y exerts a force on X.
By Newton’s third law, these forces are equal and opposite.

Both forces act for the same time (however long the collision takes)
Therefore, the impulses of the forces are equal and opposite.

Since impulse equals change in momentum, the changes in momen
of X and Y are equal and opposite.

So the total change in momentum of X and Y together is zero, singg initial momentum = & 2 — 2x 3 =

their individual changes cancel out.

Using Conservation of Momentum

Conservation of momentum is used when the bodies involveftesre
to move You wouldnot use it for the collision between an object and
wall, say, because the wall is not free to move.

Calculations involving conservation of momentum

collisions — when you start off with two objects -or explosions/ rockef

Impulse for a variable force
For a variable force, we can use:

Impulse = average forcex time for which it acts

= final momentum — initial momentum,

or alternatively, use
Impulse of force = area under force-time graph.

In the graph below, the shaded area is the impulse exdted
between time A and time B.

Note that in region R, the force becomes negative — so th
impulse it exerts will also be negative.

Example 4. A body of mass 1kg is moving with speed 2ritscollides
head-on with a body of mass 2kg moving with speed 3rie two
bodies stick together, and move off with velocity v. Find v.

Tip “Collides head ohhmeans they were initially moving pposite
irections. If one bodyovertakesthe other, they were initiall
moving in thesamedirection.

<1

2 mst 3 ms? v ms
— 5 < —>
BEFORE . AFTER
positive
tum
-5kgms

Total final momentum = 3 v = 3v kgm#

Principle of conservation of linear momentum: -5 = 3yv = -1.67mg

éSo v = 1.67m$ in the original direction of motion of the 2kg mass.

Example 5. An explosion causes a stationary object of mass 3kg to
involve eithe§p|it into two pieces. The smaller piece, of masgkg, moves off with

elocity 25m3. Find the velocity of the larger piece.

propulsion/shooting — when you start of with one object that splits into 0 ms! vms? 25 ms'
two. In either case, the following approach is helpful: — —> —>
+ First, decide in which direction you will take velocity to be positive.
¢ Draw a diagram showing the objects involved and their velocities » @
before and after. Take all unknown velocities to be in the positive
direction — if they are not, you will find out when you get a negative BEFORE N AFTER
answer. positive
¢ Work out your total initial momentum and your total final

momentum and equate them.

Total initial momentum =0

Total final momentum = 2.1v + 260.9
0=2.1v+25x0.9

v = 10.7 m3(3SF)in opposite direction to smaller piece

—_—————
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Typical Exam Question

Calculate the:
turbine.

turbine.

443mé=v v
(i) 500 xv v~

time = 1 second

(@) (i) State Newton'’s second law of motion.
(i) Define the term 'impulse’.

(b) Water stored in a reservoir falls 100m to a turbine at the
foot of a dam. The mass flow rate is 500kg'sWhen the#
water hits the turbine, 60% of its vertical velocity is lost.

(i) vertical velocity of the water just before it hits the
(i) momentum lost by the water per second as it hits the
(iii)force exerted on the turbine.
(a) (i) rate of change of momentum of a body is proportiefitd
resultant force acting on it, & is in the direction of that force
(i) impulse acting on a body = change in momentum of the k0
(or: impulse of a force = magnitude of fosceéme it acts for)

(b) (i) Using: loss in p.e = gain in k.e each second
500x 100 x g = ¥ x500 x V2

= 22140 kgm$ per second”
(iii)impulse = 22140 Ns

—=F=22140 Ns v (f.t)

Force-time Graphs During Collisions

The diagram below shows a possible graph of force against time d@ring
a collision (for example, a ball hitting a wall). The graph shows howjghe
horizontal force on the ball varies with time. Before and after fhe
collision, there is no horizontal force on the ball. The total changd of
momentum of the ball in its collision with the wall would be given gy
the area under the graph.

dy

Force/N

Time/ s

@ ball first hits wall

@ ball increasingly deforms (“squashes”) due to force exerted by Wil
® ball reverses direction

@ ball starts to return to normal shape

5. Elastic and Inelastic Collisions
In most collisions, somkinetic energy is lost — it is transferred to heaf
and sound, or is used to damage or change the shape of the bpg

involved.

.

In practice, perfectly elastic collisions are very rare — almost fall ball before and after the elastic collision. Use the symbols
collisions make some noise. But hard objects — like pool balls — will|be Vellet AN g tO represent the velocities after impact. [1]

closer to having elastic collisions than soft objects, because when|gpft For a perfectly elastic collision, assuming all velocities lie in the
objects collide, energy is used in deforming the objects.

* A (perfectly elastic collisionis one in whictkinetic energy is
conserved

* Aninelastic collisionis one in whiclsome kinetic energy is lost

¢ A totally inelastic collisionis one in which the bodiesick
together after impact

® ball loses contact with wall

i§de of. If the ball was very hard, then it would not def

significantly during the collision, and the “spike” on the graph would
much narrower, showing that the collision is much shorter in duratio
very “squashy” ball would deform readily, leading to a flatter graph

a longer-lasting collision.

Q»®

Typical Exam Question

(a) An pellet of mass 0.30kg is fired with velocity 20ris at a
stationary ball of mass 0.10kg. The collision is perfectly elastic.
(i) State the change in total kinetic energy on impact [1]
(i) Write an equation for the momentum of the pellet and the

same straight line, it can be shown that:
velocity of approach = velocity of separation i.e.

Exam Hint: Questions may ask you to check whether a collisio

elastic — this means you have to calculate the total kinetic enfirgy to (a) (ii) to calculate the velocity of the ball after impact. [3]
before and total kinetic energy after, and compare them.

. i.e.  Uelet = Woall = = (Vpellet — Vbal)
I Use this equation together with the equation written in answer

(c) Calculate the magnitude of the impulse exerted by the pellet on
the ball. [2]
(d) The pellet and the ball are in contact for 0.001 seconds.

Typical Exam Question

2
KE afterzlxzx S
2 3

A trolley of mass 2kg moving at a speed of 3rlscatches up and
collides with another trolley of mass 1kg moving at a speed of
1ms*which is travelling in the same direction. Following the
collision, the first trolley has velocity®/; ms?

Show that the collision is perfectly elastic (6] SO pettet= Vi - 0.3
2x3+1x1=2x%+1xvv (conserving momentum)
7=Y;+v=,=v v (Velocity of Xtrolley)

KE before Yx 2 xF+ Y% x1x1? v'=9% Jv

= —X—— =

Calculate the magnitude of the average force exerted by the
pellet on the ball.

(@ (i) Nonev”
(ll) 0.3x20=0.3 \6e||e1+ 0.1 Vball v
(0) 0.3 = - (Maettet = Voan) ¥~

sO 6=0.3 WYai-03)+0.1Vy v
6=0.3 Va” -0.09+0.1 Vball
6.09 =04 \{a”
Vb = 15.22 mg v
(c) impulse = change in momentwn
=0.1x15.22 = 1.522Ns”
(d) impulse = forcex time v~
1.522 =Fx0.001=F = 1522N v~

—_—m—m—— e e

The exact shape of the graph would depend on the material the bafjwas
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Exam Workshop

This is a typical poor student's answer to an exam question. Th
comments explain what is wrong with the answers and how they ca|
be improved. The examiner's answer is given below.

(a) Define
(i) A perfectly elastic collision
Energy is conserved

(1]
0/1

d

Energy is always conserved — the student should have sai
“Kinetic energy is conserved”

(1]
0/1

(ii) A completely inelastic collision
Energy is not conserved

The student should be aware that the answer cannot be tr
Learning definitions is vital

(b) A stationary uranium nucleus of mass 238 u (atomic units
disintegrates, emitting ano-particle of mass 4.00 u and creating

the decay.

(i) Find the mass of the daughter nucleus in atomic units. [1
234 a.u.v’ 1/1

(ii) Using the symbols y, and vy for velocities, write an equation

for the conservation of momentum in this disintegration. [1]
238y, = 4v, +234 y 0/1

=

The student clearly understands conservation of momentut
has ignored the fact that the uranium nucleus was inif

reading the question, and secondly through not appreciatin
since the symbol was not mentioned, it cannot be require
the answer.

\'
(iiiy Using the answer to (ii), calculate the ratio —%
Vd

v,/ Vg = 41234 0/1

The student’s answer to ii) did not allow him/her to com
this part, so s/he has guessed. It would have been sengi
go back to check ii) at this stage.

(c) The a-particle then travels until it collides head on with another
stationary uranium nucleus of mass 238u. The speed of the
particle is 1.00 x 10°ms? before the collision, and that of the
uranium nucleus is 3.31x 10°ms* after the collision.

Calculate the speed and direction of thex-particle after the
collision. You may assume the particles simply rebound with nd
nuclear reaction taking place. [3]

4(1x10P) = 238 (3.31x 10%) + 4v v
v = -969450

So 969450 in opposite direction to originél 2/3

The student understands this well, and has carried out the
calculation correctly, but has lost the final mark due to using to
many significant figures and omitting the units.

D

Examiner’'s Answer

(@) (i) Collision in which kinetic energy is conserved

(i) A collision in which the bodies coalesce v
(b) () 238-4=234wv"

(i) 0=234y+4v,v

(i) v,=-234=-58.5"

Vg 4

(€) 1x10° x4 =v x4 + 3.31 x10* x 238~

-969000 ms = v

969000 mg +’in opposite direction to original motiofi

ue.

a daughter nucleus. You may assume that mass is conserved|in

al
stationary. This is poor exam technique, firstly through|in

T
—

Practical Investigations

e Momentum investigations are best carried out usitigear air track .
N This is a triangular tube with holes in it, through which air is blown. The

“vehicles” are slides which fit over the track; they move over the
cushion of air. This allows the effects of friction (an “external force”) to
be ignored. The track is first adjusted so that it is horizontal — so that the
vehicles have no tendency to move in either direction on the track.

Each vehicle has a card of a set length on it. This alligls gatesto

be used. These contain a beam of light falling on a photodiode; when a
vehicle goes through the gate, the card on it interrupts the beam of light.
The light gate records the time for which the beam of light is
interrupted; this allows the speed of the vehicle to be calculated using
speed = length of cardtime for which light beam is interrupted.

The vehicles can have various masses added to them to verify
conservation of momentum for different masses. The vehicles can be
made to stick together during a collision by adding a pin to the front of
inone vehicle and a piece of plasticine to the other — this will allow
inelastic collisionsto be investigated. The vehicles can be made to
undergo almosiperfectly elastic collisionsby attaching a stretched
rubber band to the front afach, which allows them tdbtunce off”
each other.

Collisions can be investigated by ensuring that each moving vehicle
passes through a light gate before collision and after collision.

Canservation of momentum can then be verified by calculating the
' mentum of each vehicle before and after the collision; this can be
peated using different masses, and elastic and inelastic collisions.
xperiments could also show whether the “elastic” collisions really are
“Perfectly elastic.

Questions

1. Explain what is meant by:
a) the principle of conservation of linear momentum
b) an elastic collision
c) a totally inelastic collision.

ete d) the impulse of a force

bl® 10 state Newton's Second Law

3. Outline how you would verify experimentally the principle of
conservation of linear momentum.
4. A car of mass 950kg is moving at 72kih

a) Calculate its momentum
The car comes to rest in a period of 15 seconds
b) Calculate the average force acting on it during this period.

In an explosion, an object splits into two parts whose masses are in
the ratio 2:3. Assuming that the object was motionless before the
explosion, and that the larger mass moves with speed14ites

the explosion, calculate the speed of the smaller mass.

A gun of mass 2kg fires a bullet of mass 30g with speed 2b0ms
a) Calculate the recoil speed of the gun

The gun comes to rest in 2 seconds.

b) Find the average force exerted on it by the person firing it.

A train of mass 2000kg is moving with speed IBmhen it
couples with a stationary truck of mass 300kg. The two move off
together. Find the velocity with which they move.

Answers
Answers to questions 1 — 3 can be found in the text.
4. a) 19000kgmb b) 1270N 5. 24m56. a) 3m3b) 3N 7. 8.70m$
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Momentum -

Number 89
Macroscopic

& Microscopic

Momentum features in many sections of the A-level Physics
specifications. It links with vectors and energy, and is important in
the study of collisions and explosions (Conservation of Momentum)
with both large objects (cars, rockets, etc) and small objects (atoms,
alpha and beta particles, etc).

We will begin with the general idea of momentum, and then revise
the more familiar large-scale events, before finishing with a look at
momentum properties at the atomic and subatomic levels.

Definition

Momentum = mass X velocity (p = mv)

h Momentum is a vector. In linear events, ‘+’ and *-' are
often used to represent momentum towards the right and
towards the left. However you must always state the direction
to make the answer complete.

Examplel : Find the momentum of a 500kg car travelling
with a velocity of 0.005kms” towards the right.

Answer: p = mv = 500 x 5 = 2500 kgms"' towards the right.
(Remember to use the standard units and state the direction.)

Example 3: A force of 10N towards the right is applied for 2s
to a 3kg mass already travelling at 4ms” towards the right.
Find the final velocity.

Mass

L Force

Velociy

Answer: Fxt = mv-mu, 10x2 = 3v - (3x4),
v = 10.7 ms” towards the right.

Components
1t is often necessary to separate vectors into horizontal and vertical
components. Momentum is a vector.

Example 2: A body has a momentum of 250 kgms' directed as
shown in the diagram.

Find the horizontal component of its momentum.

Answer: p_= 250 x cos 30 =217 kgms towards the right.

Impulse and Change in Momentum
The momentum of an object can be changed if a force acts on it
for a period of time.

We define impulse as Fxt. (Ns)

The impulse exerted equals the change in momentum.

Fxt=Amv =mv —mu.

Example 4: A force of 10N towards the right is applied for 2s
again to a 2kg mass travelling at 2ms™ towards the left. Find
the final velocity, )

Mass

Force

Velociy

Answer: Ft = mv-mu, ]0x2 = 2v - 2x(-2),
v = 8.0 ms” towards the right.

NB - the convention that positive stands for motion towards the
right was used. (The initial velocity was towards the left.)

Conservation of momentum

During a collision or explosion event, the total momentum of the
system is conserved. We will confine ourselves to linear events,
but this law also holds in 2 or 3 dimensions.

Remember that Kinetic Energy is not usually conserved

in a collision. Some KE is usually converted to heat and sound.

One standard collision situation involves the two objects sticking
together after the collision. In this case, kinetic energy is never
conserved.

_——_——_——-——0————-———-———



89. Momentum - Macroscopic & Microscopic

Pbhysics Factsheet

Example 5 : The two balls shown stick together when they

collide.

Find the velocity after the collision, and the KE lost.

Answer
Momentum before: 3x5 + 2x(-1) = 13 kgms™'.
Momentum after: (3+2)v.

Momentum conserved: 5v = 13, v = 2.6 ms™ towards the right.

KE before: (Yax 3x 5%) + (lax2x I?) =385 J.
KE after: (Y2 x 5 x 2.6°) = 16.9J.

KE lost to heat and sound: 21.6 J.
This collision is said to be inelastic.

P IfKE is conserved in a collision, the collision is said
to be elastic.

An “explosion” event involves an action-reaction pair pushing
each other apart. The recoil of a gun is an example.

Example 6: A 50g shell is fired from a gun of mass 12 kg. The
initial velocity of the shell is 220 ms™ in the direction shown.

\ 50g
YA —>
220 ms™

Find the recoil velocity of the gun.

Answers

Momentum before = 0 kgms

Momentum after = (0.050 x 220) + 12v.

12v+ 11.0=0,v=-0.92 ms'

So the recoil velocity is 0.92 ms! towards the left.

Exam Hint: Conservation of momentum calculations are fairly
standard. Use a simple system such as stating momentum before,
momentum after, and then equating the two. Take care with
units and direction.

Changing mass

Remember that momentum depends on both mass and velocity.
Momentum changes can be caused by a change in mass or a change
in velocity. Sand pouring onto a moving conveyor belt would slow
the belt down (if the motor were turned off) as mass times velocity
must stay the same for the sand/conveyor belt system.

These systems are less common than changes in velocity, but you
should be aware that changes in mass cause changes in momentum.

AN

conveyor belt

- S ———————————————

Microscopic events
‘We will finish with a quick look at momentum considerations in
atomic and subatomic Physics.

Gas Pressure (Kinetic Theory)

The pressure of a gas on its container depends on the total force
per second exerted by the molecules as they collide with the walls
of the container.

A molecule changes momentum when it rebounds from the wall.
Using the relationship Ft = Amv, we can work through to our
normal Gas Law equations.

D\
e

Question 6 at the end of this Factsheet helps you to follow
through a set of calculations leading to the determination of the
pressure of a gas sample in a container.

Alphadecay

When an alpha particle is emitted from a nucleus, conservation of
momentum insists that the remainder of the nucleus must recoil in
the opposite direction.

‘He 1226 Y
<—0 t+  Ra |
A\ \ ; A\
N N ,
T mv =MV

Example 7: For the decay reaction illustrated,
v M 222
vV m=7 =

To find the ratios of the kinetic energies of the two masses:

J/ﬂnvz_ﬁ_x_vz__]_ 52-—56
MV M TV T 56 \1) T

So the alpha particle ends up with almost all of the kinetic
energy produced in the decay.

Electron diffraction
‘When an electron is accelerated through a voltage, V, it gains kinetic
energy which can be found from Yamy* = eV.

As momentum p = mv, we can replace Yamv? with p*/2m.
Setting p*/2m = eV, we find that p =*J(2meV), where m is the mass of
the electron (9.1 x 10 kg).

Then A = h/p lets us calculate the de Broglie wavelength for the
electron.

For low energies (small voltages) this all works. But for large energies,
calculations show that the electron speed is greater than the speed
of light. ‘

As the electron speed approaches the speed of light, the electron
mass increases from the rest mass value up to relativistic values, and
the Newtonian equations no longer work.

Example 8: find the speed of an electron accelerated through (a)
1000V, (b) IMV.

Answer:
() v?=(2eV)/m, v=19x 107 ms".
(b) v=>5.9 x 10 ms”. (greater than the speed of light in a vacuum)
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For very high voltages, we must use the equation for the momentum
of photons (p = E/c) to work out an approximate value for the de
Broglie wavelength of the electron.

Beta decay and neutrinos
Finally, cloud chamber photographs can show a decayed neutron (a
proton) recoiling in a non-linear situation from the beta particle it has

just emitted.
L~ beta

neutron

Conservation of momentum predicts that a third particle must be
involved. This is the neutrino, which must be heading in an upwards
direction to satisfy our conservation law.

Questions
1. Find the momentum of a ball of mass 82g moving towards the left
with a speed of 30ms™.

]

A 20 kg projectile is launched with a speed of 15 ms™' at an angle
of 25° above the horizontal.

Find its initial vertical momentum.

)

A car has a momentum of 20 000 kgms™ towards the right. Its
engine provides a thrust of 5000N for 10 seconds, also towards
the right. All resistive forces add to 1500N. Fine the momentum
of the car at the end of the 10s period.

1500N

e 5000N
wuﬁﬁuw
SIEREC) SN

il .
B

P, =20 000 kg ms"

4. Explain why an egg is more likely to break when dropped onto a
concrete floor rather than onto a carpet.

5. A child of mass 30kg jumps forward off a stationary skateboard
of mass 1.5 kg. The child’s forward speed is 0.10 ms!. what is the
recoil velocity of the skateboard?

6. There are 3.0 x 10f molecules of a gas moving randomly in a cubic
box of sides 0.5 m at a speed of 500 ms™.
(a) How many molecules are effectively moving in the x-plane?

X y

(b) How often will each of these collide with the shaded wall?

(c) How many collisions per second with this wall will there be in
total?

(d) What is the momentum of each molecule before and after each
collision with the shaded wall? (Assume elastic collisions,
and assume that the mass of each molecule is 2.5 x 10 kg.)

(e) Use Ft=Amv to find the force of all the collisions with this wall
in one second.

(f) Find the pressure the gas exerts on this wall, and comment on
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Circular Motion — Basic Concepts

This Factsheet will:

= explain how to useradian measurefor angles

= explain the nature of the resultant force involved in
circular motion at a uniform speed

= explain how to use the equations for centripetal force and
acceleration in questions

= describetheforcesinvolved in vertical circular motion

Later Factsheets will cover specific examples of circular

motion in connection with gravitation and magnetic fields.

Radian measure
Radians are away of measuring angles, other than using degrees.
To see how they work, we will look at acircle of radiusr.

<
S\ In this diagram, the arc (=part of
circumference) subtended by angle 6 is

equal to s.

Then the size of angle 6, in radians, is s
r

From this, we can conclude

" The arc subtended by an angle 6 radiansis of length ré.

Since the whole circumference is 21, we can also conclude:

"" There are 2m radians in a full circle, so 2m radians is
equivalent to 360°

It is sometimes necessary to convert between radians and degrees. Therules are:

P

To change radians to degrees, multiply by

180
Tt

To change degrees to radians, multiply by %

Radians on your calculator

You need to learn to use radian mode on your calculator. On standard
scientific calculators, you will probably be able to reach it using a button
labelled “DRG” (the R stands for radians and the D for degrees - you
never need to use the G!). In some calculators, you need to change to the
mode number for radians instead. Some graphical calculators work in
the same way; in others you have to go viathe set-up menu.

Once you are in radians mode, the calculator “thinks’ any number you
put in is an angle in radians. So to find the sine of 2.03 radians, you
change the calculator into radians mode, then put in SIN 2.03
(or 2.03 SIN, depending on your calculator). Check this now — you
should get the answer 0.896...

Exam Hints:

1. Do not try to do circular motion calculations without going
into radians mode — it will slow you down a lot. Find out how
to get into this mode now, and make sure you remind yourself
of this before the exam.

2. Always check which mode you're in before doing any
calculation. One easy way is to find sin30 — if you're in
degrees mode, this will be a nice number (0.5), if you're in
radians, you'll get along decimal.

3. Bealert to “silly” answers—for example, if you come up with
an answer of 137 radians, or 0.2 degrees, check you arein the
right mode!

I ———
Why bother with radians?

Working in radians actualy makes some calculations easier - for
example, we have aready seen that the formula for the length of an arc
is simple when the angle is in radians. Other formulae encountered later
in circular motion and in simple harmonic motion (Factsheet 20)
automatically assume any angles measured are in radians, and will not
work otherwise! Exam boards also specify that candidates must know
how to work in radians.

Angular speed
Angular speed (symbol «; unit rad s) is an important concept in
circular motion.

.

Angular speed (wrad st) =

angleturned (6 radians)
timetaken (t seconds)

In most cases of horizontal circular motion (i.e. where the body is
staying at the same horizontal level), w is constant; however in many
cases of vertical circular motion (eg a ball tied to the end of a string
being swung in vertical circles), wis not constant. If the angular speed is
not constant, then there must be some angular acceleration; thisis the
rate of change of angular speed.

Exam Hint: Do not confuse angular acceleration with linear (or
“normal”) acceleration. All bodies moving in a circle are

accelerating (see later) but they only have angular acceleration if
their angular velocity changes.

Instead of giving angular speed in rad s', questions may give you
angular speed in revolutions per second; you may also be given the
period of the motion — the time required to complete one full circle.
You need to convert to radians per second before using any
formulae!

"’ To convert:

= revs/sec to radians/sec: multiply by 21t
= revdmintoradiang/sec:  divide by 60 & multiply by 21
= degrees/sec to radians/sec: divide by 180 & multiply by 1t

where T = period in seconds and wisinrad s*

21
w= —
T

————————————————————————— —————————————
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Relationship between angular speed and linear speed
We will consider a body travelling in a circle of radius r with constant
angular speed. As it turns through an angle Oradians, it will travel

through an arc of length 8r (since 8 :?s ).

Sospeed—%—%xr—ax

P -
where v = speed (ms?)
w= angular speed (rad s}
r = radius of circle (m)

Forcesin circular motion
To understand forces in circular motion, first recall Newton’sfirst law:

Every body continues at rest or with constant velocity unless acted
upon by a resultant force

Since velocity is a vector quantity, possessing both magnitude (the
speed) and direction, if velocity is constant, then both the speed and
direction of motion must be constant.

In circular motion, athough the speed may be constant, the velocity is
continually changing direction. At any point on the circular path, the
velocity is aong the tangent to the circle at that point — it is at right
angles to aline joining the moving particle to the centre of the circle

Since the velocity of a body performing circular motion is changing, the
body must be subject to a force. If the force acting on the body had a
component parallel to the velocity, this would increase (or decrease) the
speed of the body. So, if the speed is constant, the force must be
perpendicular to the velocity at all times.

Since the force is perpendicular to the velocity, it could be either
inwards — towards the centre of the circle - or outwards, away from the
centre of the circle. To see which of these is correct, imagine what
would happen to the body’ s velocity in each case:

o o o

Starting from  An outward force inward force
this velocity would produce this Would produce this

Therefore we can conclude that:

Where doesthe centripetal force comefrom?

It is important not to consider the centripetal force as an “extra’ force
— it must be produced by the forces you know are acting on the body.
Some examples of forces producing circular motion are shown below;
otherswill be encountered in other contexts later in the course.

The conical pendulum — &
mass on a string, moving in
horizontal circles.

The centripeta force is
produced by the horizonta
component of the tension in
the string

Vertical circles — produced - AN
by amass on astring. / N

/ \
The centripeta force is /ll\ ‘il
produced by resultant of the \ J
tension in the string and the N /
weight e

Mass on a turntable — so
the mass moves in
horizontal circles.

The centripetad force is
provided by the friction
between the mass and the
turntable

Banked track — racing tracks
are banked (=dloped) at bends,
which assists the cars in
turning. The car turns through
part of ahorizontal circle.

The centripeta force is
provided by the horizontal
components of the friction
acting on the car and of the
reaction of the track on the car

- ~<

Planetary motion - i
although the planets do not
move in exactly circular !/ \
orbits, for many of them this
isagood approximation.

means that it is accelerating v

The centripeta force is  \ L
b. - . . ided by the gravitational AN -
A body moving in acircular path experiences aforce provi S - -
directed towards the centre of the circle. Iﬁrce between the planet and
Thisisknown as centripetal force. e sun.
Typical Exam Question
(a) Explain why a body moving in acirclewith a constant speed has acceler ation [2]

(b) In aquestion about a spacecraft in orbit, a student writes: “ The gravitational pull of the Earth isbalanced by the centripetal
force of the space craft and soit staysin orbit.” Explain why this statement and isincorrect and writea corrected version [4]

(a) Anobject moving in a circleis continually changing the direction of its motiony v~ Since velocity is a vector, change of speed or direction

(b) Centripetal forceis not a separate force dueto circular motion v~ It is an unbalanced force, producing the motion v~
Statement could read: "The gravitational pull of the Earth provides v~ the centripetal forcerequired v to keep the space craft in orbit.”
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Formulaefor centripetal force

h The centripetal force on abody is given by:

mv?

r
F = centripetal force (N)
m = mass of body (kg)
v = speed (ms'?)
r = radius of circular path (m)

Since v = ar, another formula can also be obtai ned:

F = —

= mafr

'- The centripetal force on abody isalso given by:
F = mafr

F = centripetal force (N)

m = mass of body (kg)

w= angular speed (rad s%)

r = radius of circular path (m)

Calculationson horizontal circular motion

To answer circular motion questions successfully, you will need to
draw a force diagram as well as know the appropriate circular motion
formulae.

For horizontal circular motion, the key ideas to use are:
2
. . mv
« resultant horizontal force = centripetal force= —— or ma?r
r

¢ resultant vertical force=0

The procedure when answering questionsis:

1. Draw a diagram showing al forces acting on the body.
Do NOT put in the centripetal forceasan “extra” force.

2. Work out from the question what information you are given, and
what you want — in particular, whether you are given/want w or v.
Remember: convert wintorad s* or vintoms™.

3. Resolve horizontaly, and set the resultant inward force equa to

2
m or mw?r, depending on what you have decided in 2.
r

. If you need to, resolve vertically and equate to zero.
5. Combinethe equationsfrom 3. and 4. to get the answer.

Example 1

A small massis attached to one end of a string of length 0.3m. The
other end of the string is fastened to the centre of a smooth,
horizontal table. The mass is made to move in horizontal circles at
constant speed on the table, with the string taut.

Given that the mass makes 30 revolutions per minute, find the
tension in the string

1. Diagram R

T
|

W

0.3m

Note:
i) Snceitisa“smooth” table, thereisno friction
ii) All unitschangedto S

2. Wewant T
We are given that the mass makes 30 revolutions per minute — so
we have to convert thisinto rad s to find co.
30revminl=30+60= 0.5revs?
05revst= 05 x2m= mrads?
S w= mrad st

3. T=mafr (weusethisformaswe know )
Substituting in:
T=0.05x 72 x0.3= 0.15N

Example 2

A particle of mass 0.1kg is attached to the end of a string of length
0.5m, and is smung in a horizontal circle at constant speed, so that
the string makes an angle of 20° with the vertical.

(a) Calculatethetension in thestring (takeg = 9.8 N kg®)

(b) Calculate the speed of the particle

1. Diagram

0.98N

Weneed T and v
Resolving: = Tsin20 = mvA/r
Resolving: M Tcos20 = 0.98N

o~ WD

Use the second equation first, since this has only one unknown:
Tcos20 = 0.98N
T = 0.98/cos20 = 1.04N

We now need to use the first equation to find v:
Tsin20 = m/r
1.04xsin20 = 0.1v/r

So we need to find r before we can find v

0.5m 20° Sor = 0.5sin20 = 0.171m

r

S V2= 1.04 xsin20 xr/0.1 = 0.61m?s?
v=0.78 ms?

NB: Make sure you understand why r is not 0.5m. The particle is
moving in a horizontal circle, so the radius must be measured

horizontally.

Exam hint:-It is sensible to leave the 20° in this question as degrees,
rather than change to radians, because it is not directly related to
the angular speed
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Leaving thecircular path

Sometimes a body that is moving in a circle leaves the circular path;
examples include a car skidding when going around a bend and the
string breaking when an object is being swung on it. This happens
because the force(s) providing the centripetal force vanish (as with the
string breaking), or become insufficient to hold the body to the circular
path.

What happens after leaving the circular path
After leaving the circular path, the body will initially go off at a
tangent:

body leaves ___—W-—<--->
circular path here / AN

\\\ _l<’//

Its motion will then, of course, be governed by the forces still acting
on it (eg gravity).

Why bodies may leavethe circular path

To see why this happens, we need to return to centripetal force:

¢ For a body being swung on a string, a component of the tension
provides the centripetal force. If the tension is too great, the string
will break. The higher the speed of the body, the higher the
centripetal force is required to be. So the string may break if the
body is being swung too fast.

e For acar going round a bend, the centripetal force is provided by
friction. So if the speed is too high, the friction may not provide
sufficient centripetal force, and the car will skid. If conditions arise
that lower friction - such as rain or ice — then the maximum
possible safe speed will need to be decreased.

Typical Exam Question

A car travelsalong alevel road round a curve of radius 500m.

(a) Draw adiagram to show the for ces acting on the car. [2]

(b) If themaximum frictional for ce between the tyresand theroad
is70% of theweight of the car, find the greatest speed at which
thecar can travel round the curve. Takeg = 9.8Nkg™ [4]

(c) Describethe path the car will takeif it exceedsthisspeed. [1]

@

AR R = normal reaction
F = friction
] F mg = weight of car
vv
mg
v

(b) Resolving horizontally:  F = mvr
vertically: R=mg v (both)
Maximum speed occurs when friction is limiting, so F = 0.7mgv”
So:  0.7mg= mvir
0.79=Virv’
V= 0.7g xr = 0.7 x9.8 x500 = 3430
v=586ms* v

(c) I1twill leave the road, at a tangent to the curvev”

Vertical Circular Motion

Generdly, a body moving in a vertica circle will not be moving at
constant speed unless there is some mechanical device — such as the
motor for a“big wheel” —forcing it to do so. This means that the size of
the centripetal force on the body will also vary.

Here, the key approach is:

1. Draw adiagram, showing all the forces.

2. Use conservation of mechanical energy to find the speed at any
point.

3. If necessary, set the resultant force towards the centre of the circle
equal to the centripetal force.

4. If necessary, combine the equations from 2. and 3. to obtain the
answer.

Example 1

A ball of mass 0.30kg is attached to a string of length 0.50m, and

swung so that it movesin a vertical circle. When the ball isat its

highest point, it moves with speed 5.0 ms™. Taking g = 9.8Nkg:

a) Findthe speed of the ball at its lowest point

b) Findthe maximum and minimum values of thetension in the
string.

a)
1. At highest point At lowest point
—>s5mst J—— -
// \\
- -~ 7 Y
//’ \\\ // \\
// \\ I, \\
/ mg N K \
! \ I ]
: T \ ,'
! ! \ T /
\ / \ /
\ / \\ //
N ’ So g
N , — -
\\\\ ’/// E E 1
Bl vms
mg

2. Taking potential energy as zero at lowest point:
At highest point: p.e.= 0.3 x9.8 x1=2.94]
ke =% x0.3 x5 = 3.75]

At lowest point: p.e.=0
ke = % x0.3 x vV = 0.15/

Using conservation of mechanical energy:
2.94 + 3.75 = 0.15V

V2 = 6.69/0.15 = 44.6 m’s”®

v=6.7ms!

b) Thetension will be thelargest at the lowest point, sinceit hasto
supply the centripetal force and overcome the weight of the particle
It will be smallest at the highest point, since here the weight is
contributing to the centripetal force.

Exam Hint: - The points at which thetension (or other force on the
object) is largest and smallest is commonly examined. Always ask

yourself whether the weight of the object is helping or hindering.

At lowest point: resolving inwards gives

T—mg= m?r
T= m(g + v2/r)
T=0.3(9.8 + 44.6/0.5)
T=30N
At highest point: resolving inwards gives:
T+ mg=m#Ar
T=m\r —g)
T=0.3(25/0.5-9.8)
T=12N

—_—m— e
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Example 2

A small object of mass 200g is attached to the end of a light string of
length 40cm. The string is fastened at its other end, and the object is
set in motion so that it moves in a vertical circle. When the string
makes an angle of 60° with the downward vertical, the object moves
with speed U ms™. (g = 9.8Nkg™)

(a) Find the speed of the object at the highest point in terms of U
(b) Find thetension at the highest point in terms of U
(c) Hence give the minimum possible value of U

(a) Athighest point

At position P
—>>V
/// ‘\\\ .
// \\ 7
// \\ //
/ g \ /
1 \ "
I \
1 T | !
\ I \
\ [} \
\ / \
\\ // \\
\ s N

Taking p.e. = 0 at the lowest point

Height above lowest point when string makes 60° to vertical
= 0.4-0.4cos60 = 0.2

S0, using conservation of mechanical energy:
Total energy at top = total energy at P

(ke + gpe) attop= (ke + gpe)atP

mg x0.8+ Yamv? = %mU? + mg x 0.2
0.8g+ 2 = U% + 0.2g

7.84 + Y% VP = YU? + 1.96

V= U?-11.76

v= V(U?-11.76)

(b) Resolving inwards at highest point:
T+ mg=m#Ar
T+ 1.96 = 0.2x (U= 11.76)/0.4)
T+ 1.96=05U°-5.88
T=05U%-784

(c) Thetension must be >0 at all times, or else the particle would not
continueto movein acircle.

S0 12 U?—7.84 >0
U?>15.68
So minimum value of U is v15.68 = 4.0 ms*

Typical Exam Question

An object of mass 2.0kg is rotated in a vertical circle on a cord of
length 1.0m. The cord will break if thetension in it becomes 500N.
The speed of rotation isgradually increased from zero.

(a)Find the angular velocity at which the string breaks. [4]
(b)Draw a diagram to show the position at which the string breaks
and the subsequent motion of the object. [4]

(@) Max tension in cord at the bottom of the circle, T = mafr + mg v

a):W/T_W v'= 1’—500_2)(9'8 v= 155radst! v
mr 2x1

(b) Diagram v

String breaks at lowest point v
Object has horizontal (tangential) velocity at first v
Follows parabolic path under gravity v~

Exam Workshop

Thisis a typical poor student’s answer to an exam question. The
comments explain what is wrong with the answers and how they
can beimproved. The examiner’sanswer isgiven below.

A planeflying in a horizontal circle of radius 1.0km isbanked at 20°.

(a) Show theforcesacting on the plane and explain how it
maintains circular motion. [3]

Lift,,

The planefliesin a circle because there's a centripetal forcex 2/3

The student needed to explain where the centripetal force came
from, not just state that one existed.

(b) Taking g = 9.8Nkg?, calculate:
(i) thespeed of theair craft. [4]

mv2r = Lcos20° mg = Lsin20° x

L = mg/sin20° v= 29m

mv?/1 = 29mcos20°

V2 = 29c0s20° = 27

v=522ms! x !

The student’s method is fundamentally correct, but s’he has
scored only one mark due to careless errors. The most serious
ones were that the initia resolving was incorrect and the radius
was taken as 1, rather than 1000. In addition, the student has
rounded prematurely (taking g/sin20° = 29) and then used an
inappropriate number of SF in the final answer. The answer
obtained should have alerted the student to problems — planes do
not move so slowly! This answer appears to have been rushed.

(ii) thetimeit takesto complete onecircle. [2]
T=2rwv

w=Vvir=522rads

T=12s v 2/2

Although the student’s value for v was incorrect, ghe is not
penalised again for this, nor for taking the radius as being 1 a
second time. Full marks are therefore awarded for this part of
the question.

Examiner’s answer

When the aircraft banksthereisa
horizontal component of the lift,
which provides the centripetal
force v/

(b) (i) Vertically: W=mg= Lcos20°horizontally: mv? / r = Lsin20° v~
L = mg/ cos20°v" so mv¥r = mg tan20° v
V2 = grtan20° = 3640 nts?
V=60mst v

(j) T= 21w = 2rr/vv"= 20007760.3 =104s v
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Answers
1. (a) Multiply by Ttand divide by 180 in each case:

Questions
1. (a) Convert to radians:

(i) 60° (i) 111° (iii) 249°
(b) All the anglesin this part of the question are in radians.
Use your calculator to find:
(i) sin(1.2) (i) cos(0.789) (iii)tan(2.85)

(c) x,y, and z are angles in radians between -1 and 1
Use your calculator to find them, given that
(i) sinx=-0.3 (ii) cosy =0.8 (iii) tanz=1.5

2. Inthe diagram below, the circle hasradius 5cm and O isits centre.
The angles marked arein radians.

A

&

Find the lengths of: (i) arc AB (ii) arc BC (iii) arc CA

3. Explain what ismeant by angular speed, giving its symbol and unit.

4. Find the angular speeds of each of these bodies
(i) Aismoving at 13 revolutions per second
(i) B ismoving at 240 revolutions per minute
(iii) Cismoving at 40° per second
(iv) D takes5 secondsto make one revolution

5. Statethe relationship between angular speed and linear speed for a
body movingin acircle.

6. Explain why abody moving at a constant speed in a circle must
have aresultant force acting on it, and state the name given to this
force.

7. What providesthe centripetal force in each of the following cases:
(i) theMoon orbiting the Earth
(if) anaircraft banking to turn
(iii) amasson astring movingin vertical circles
(iv) acar going round an unbanked corner

8. Write down two formulae for centripetal acceleration

9. A particleisattached to astring of length 20cm. It is swung so that
it movesin ahorizontal circle at constant speed, with the string
making an angle of 30° to the vertical.

(a) Calculate the speed of the particle, (g = 9.8Nkg™)

(b) The string suddenly snaps. Given that the particle is 40cm from
the ground, find the time it takes to hit the ground and the
horizontal distanceit travelsin thistime.

. Angular speed =

(i) 1.05 (ii) 1.94 (iii) 4.35
(b) Change the calculator to radians mode first:
(i) 0.932 (ii)0.705 (i) -0.300
(c) Calculator in radians mode; use sin®, cos?, tan*
()-0.305  (ii))0.644 (iii) 0.983

arc length =radius x angleinradians=r x 8
(i) 5x0.72 =3.6cm
(ii) 5% 3.3=16.5cm
(iii) arc length = circle — other two arcs
=2mx5 -3.6-16.5=11.3cm

angle turned (8 / radians)
time taken (t/seconds)
Symbol: w; unit: radians per second

(i) 13x2m =81.7rads?

(i) 240rev mint =4 rev st
4x2m=251rads?

(iii)40 x 71+ 180 = 0.698 rad s*

(iv)=2mT =215= 126 rad s*

. v=ar, wherer = radius of the circle, = angular speed;

v = linear speed

. Velocity is a vector. Since the direction of motion of the body is

always changing, its velocity is aways changing. Since the body is
not moving with constant velocity, there must be a resultant force
acting on it. Thisforceis called centripetal force.

(i) Gravitational force of the Earth on the Moon.

(ii) Horizontal component of lift.

(iii) The resultant of the components of tension and weight acting
towards the centre of the circle.

(iv) Friction

a=ofr,a=Vr ora= v

@ |
‘!

Tcos30° = mg 0]
Tsin30° =mvr (i)
(i) = (i): tan30° = V¥/(gr)
V2 = grtan30°

V2= 0.20 x 9.8 x tan30°
V=113 m’s?

v=1.06 ms?

(b) When string snaps, particle moves under gravity.
So for timetaken: % gt?=0.4 0 t=v0.08=0.28s
Horizontal distance travelled = 0.76 x 0.28 = 0.21m
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Circular Motion and Vectors

The purpose of this Factsheet is to help you to understand and
handle vector quantities, to explain the ideas of circular motion, to
consider important equations from those ideas and to give practice
at handling the equations.

Vectors

You may remember from your GCSE work, that speed is a scalar
quantity (it has magnitude, but no direction), whereas velocity is a
vector (it has direction as well as magnitude). So “3m/s” is a speed,
but “3m/s due east” is a vector.

Exam Hint: To quickly decide if a quantity is a vector or a
scalar, determine whether it has a direcrion associated with it.
Sometimes this can be represented by plus or minus values.

Often it does not matter whether a quantity is a vector or a scalar,
but it does matter when it comes to adding them up.

Scale drawing of vectors

A

Worked example 1
A man rows across a river at 3ms’, but the stream is flowing
past at 4ms™. What is his effective speed across the river and in
what direction is he traveling with respect to the bank? If the
river is 6m wide, how far down from his starting position will
he land on the opposite bank?

Opposite bank

stream 4m/s - — T Rower 3m/s

Near bank

The resultant speed could be worked out by doing a scale

drawing of the two velocities, but since they are at right angles

to each other they can be combined by using Pythagoras’

Theorem. amfs, ,
<

7N 3m/s
angle to the bank-

Resultant speed® = 3* + 4* =25

Resultant speed = 5nvs

So the rower is effectively travelling along the path shown on
the diagram at a speed of 5m/s.

The direction can be worked out by trigonometry. The tangent
of the angle is %, so the angle is 36.9°.

If the river is 6m wide, the distance down the river is given by:
6/distance = ran 36.9°

Distance = 6/tan 36.9° = 6 x4/3 = 8m

Other important vectors

A velocity is an important vector quantity, but you are likely to be
even more concerned with force as a vector quantity, since particles
are often influenced by more than one force at a time and so the
effects have to be added up. Acceleration and momentum are also
vector quantities.

P Acceleration, momentum and force are all vector
quantities.

An important special case is of a force acting at right angles to the
velocity of an object travelling in a straight line. As we shall see,
this gives rise to circular motion.

Forces as vectors

For AS and A2 you will only be required to deal with vector addition
by scale drawing or calculations for vectors at right-angles to each
other, so you only need to be able to perform calculations by using
Pythagoras® theorem.

If all vectors can be added by vector addition to give a resultant,
then it follows that any force can be expressed as the sum of two
other forces at right angles to each other. This process is called
resolving the force into two components at right angles to each
other, and it is a very useful tool for working out problems involving
forces.

h Any force can be resolved into two components at right
angles to each other.

Resolving a force

F

y

F

x

The components can be found by scale drawing, by completing the
rectangle: F

or by calculation from the angle between the force and the horizontal
and vertical, If 0 is the angle with the horizontal, then simple
trigonometry shows F, is FcosB. If the angle between the force and
the horizontal is 0, then the angle with the vertical is 90 - 0,so the
vertical component, Fy is Fcos (90 - 8), which is Fsin6, so it is
easiest to remember the two components as Fcos®, and Fsin®,
where Fcosf is the component with the known angle between it
and the force, and Fsin® is the other one.

It is important to become familiar with this
process of resolving a force into its two
components, Fcos® and Fsin®.

F =Fcos 6
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h Any force may be replaced by its two components:
Fsin@ and FcosO, where 8 is the angle between the force and
one of the components.

Exam Hint: It is sometimes possible to use either Pythagoras or
trigonometry to determine the magnitude of vectors. Use
whichever method you are happiest with.

Study the worked example and use the questions at the end of the
Factsheet to get some practice.

Worked Example 2
A force of 6N acts at an angle of 40° to the horizonzal.
(a) What is the horizontal component of the force?
F = 6cos4® = 4.6N
(b) What is the vertical component?
F_ = 6sin40° = 3.86N

v

Using the resolution of forces to solve problems

If an object is in equilibrium, then two conditions apply:

1. The components of the forces in any two directions at right
angles to each other are balanced.

2. The sum of the moments about any point equals zero (Clockwise
moments can be counted as positive and anticlockwise moments
negative.)

We are not, here, concerned with the idea of moments, but the other
condition requires us to resolve forces into components.

Study the worked example to help you to understand how the ideas
can be used.

Worked example 3

Two charged pithballs are suspended from light strings. They

exert a force of 1 X 10°N on each other. If the balls each have

a mass of 0.0005g:

(a) Calculate the angle of the strings when they are in
equilibrium.

(b) Calculate the tension in the strings.

The forces acting are shown in the diagram:

&)

w W
Where T is the tension in each string, F_ is the electrical force

and W is the weight. T T
) ¥ ¥
If we resolve the T's we get: [ % ST T % SF

w w

(a) T, = Tsin6 and T, = Tcos. Since the balls are in equilibrium,
T\' = FE a’1d TV = W

So Tsin@ = 1 x10°
Teos8 = 5 x 107x 9.81

Dividing these two equations gives tanf = 0.2

So =115

b) Tsin8 = I x10°% =115, sosin@ = 0.20
andT = 1x10%02 = 5x10°N

Exam Hint: One of the most common errors on these questions
is getting the sine and cosine reversed. Take great care 1o ensure
you have these the right way around.

Circular Motion

If a force acts on an object which is moving with constant speed in
a straight line, at right angles to its velocity, then the force will
change the direction of the object. Since a change in the direction
constitutes a change in the velocity, (though not the speed of the
object), this gives an acceleration, (since acceleration is the change
in velocity, not just a change in speed). If the direction of the force
changes continuously to be always at right angles to the velocity,
then the object will move in a circle and the acceleration will be
always towards the centre of the circle.

Velocity and acceleration vectors for circular motion

You will remember Newton’s 1st law from your GCSE work, which
states, basically, that an object will continue in a straight line at the
same speed unless a force acts on it. We can now see, from the
argument above, that in order for an object to be constrained to
move in a circle, at constant speed, it must have a force acting at
right angles to its velocity. This force is known as the centripetal
force and if there is nothing to provide the centripetal force, then
the object will no longer move in a circle, but continue in a straight
line.

A little geometry allows the value of the necessary centripetal force
to be worked out. It turns out to be mv*/r, where m is the mass of the
object, v its speed, and r the radius of the circle.

In order to move in a circle at constant speed, an object
must have a force of value mv¥/r, acting towards the centre of
the circle. This is the necessary centripetal force.

Equations of circular motion
For an object moving in a circle, we can define its angular speed, @
as the angle in radians (9 turned through pers. So: @=6/¢

This combined with the definition of the angle in radians as the arc/
radius, gives:

vV rXao
Consideration of a full circle, 2n radians, shows that T (the time

period, the time for a complete revolution) is 2n/e, and the frequency,
f (UT) is given by f = @ 2mor 2nf

h The key equations for circular motion are:
v=rw

6= ar

T=2rew

w=2nf

If you are not accustomed to dealing with angles in radians, it would
be worth while spending some time becoming familiar with the idea.
It is also worthwhile learning these equations, so that they spring
to mind immediately when you are faced with problems on circular
motion.
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Exam Hint: These equations are based on the expression of angles in radians, not degrees. Remember that 360deg = 21 radians. l

Since v = ro, the necessary centripetal force, mv¥/r, can also be expressed as mra? or mvw. Which is the most convenient to use in any
question depends on which combination of v, r or ® you are given.

P The necessary centripetal force to constrain an object to move in a circle may be expressed as mv'/r or as mra? or mvo I

Worked example 4

(a) Calculate the angular speed of the girl

Since we are given m, r and o use centripetal force as mre?.
Force = mra¥ = 60 x 6400000 x (7.27 x 10°) = 2.03N

A girl standing at the equator is in circular motion about the Earth’s axis.

For the Earth’s rotation, the time period T = 24hours = 24 x 60 X 60s, so = 2m/T = 7.27 x 10 “rad/s.
(b) The radius of the Earth is 6400km. The girl has a mass of 60kg. Calculate the resultant force necessary for this circular motion.

Practice Questions
1. The diagram shows two forces acting on a body.

5.5N

3N
(a) Calculate the resultant force acting on the body.
(b) What name is given to physical quantities which add by the
same rule as forces?
(c) Name two other examples of such physical quantities.

[

A container has a weight of 600N. The diagram shows the
forces acting on the object when it is being carried by two people..

4
600N
(a) Show that the tension in each rope is about 467N.

(b) Calculate the force in the each rope if the angle is increased
to 60°.

3. A simple pendulum has a length 1 and a mass m on the end. The
diagram shows the pendulum when it is at an angle of 3° to the
vertical.

|\ Tension

Weight

(a) Redraw the diagram, showing the components of the weight
resolved in the direction of the string and at right angles to
it.

(b) Express the components in terms of m, g and the angle.

4. (a) An object is moving in a circle with constant speed. Explain
why it is said to have an acceleration towards the centre of
the circle.

(b) A mass of lkg is being whitled on a string in a horizontal
circle with constant speed.

(i) What provides the necessary force towards the centre
of the circle?

(ii) If the string is of length 0.5m and the maximum tension
which the string can take before it breaks is 10N, what is
the maximum speed of the mass?

(iii) What will happen to the mass if its speed exceeds this
maximum?

5. A satellite orbits the Earth once every 74 minutes.
(a) Show that its angular speed is approximately 1.4 x 102 radians
per s.

(b) The radius of the satellite’s orbit is 6540km. Calculate the
magnitude of its acceleration.

(c) A geostationary orbit is one in which the satellite remains
over the same spot on the Earth,
(i) What is the time period for a geostationary orbit?
(ii) Calculate the speed for a geostationary satellite, where
the radius of its orbit is 41500km.

6. In a tumble drier, clothes are placed inside a drum with small
holes in it. The drum rotates at high speed and water escapes
through the holes. A particular drum has a radius of 0.25m and
rotates at 900 revolutions per minute.

(a) () Calculate the speed of the rim of the drum.
(ii) Calculate the force necessary to allow a piece of clothing
of mass 0.4kg to perform circular motion.

(b) (i) In the regions without holes, what provides the centripetal
force to cause the clothes + water to perform circular
motion?

(i) Explain why the water escapes through the holes.
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Answers
1. (@) Resultant? = 5.5 + 3* = 39.25
Resultant = 6.26N

(b) The name given to such quantities is vector
(¢) Velocity, acceleration and momentum are also vector quantities.

2. (a) Since the vertical components of the forces must balance, 2 X Fsin40 = 600
F = 300/sin40 = 466.7N approx 467N
(b) If the angle is 60°% then 2 xFsin60 = 600, F = 300/sin60 = 346.4N

3. (a)

(b) Component along the line of the string = weight X cos3 = mgcos3
Component at right angles to the string = mgsin3

4. (a) Acceleration is a vector quantity. It is the change of the vector quantity velocity. Thus it is not just a change of speed which
constitutes a change of velocity, it can also be a change in direction. The direction can be shown to be towards the centre of the
circle by simple geometry.

(b) (i) The horizontal component of the tension in the string provides the force towards the centre of the circle. The vertical component
of the tension in the string balances the weight.

)
i
]

(i) The vertical component of the tension is Tcos® and this = mg = 9.81N,
so if T cannot be greater than 10, 10cos® = 9.81, cos® = 0.981,0 =11.2°
The horizontal component is Tsin® and this provides mv?r,
so v =r1Tsin®/m =097 v = 0.98ms"

(ii)If the speed of the mass exceeds this figure, then the required tension in the string will be greater than 10N, so the string will
break. There will then be no tension at all and the mass will initially continue in a straight line (i.e. it will move off at a tangent
to the circle)

5. () T=74%x60s, T =2/, so o= 2n/T = 1.41x 103 rads?!, approx 1.4 x 107 rads"
(b) Acceleration=r® = 6540 x 10% X (1.41x10%)* = 13 ms?
(c) (@) For a geostationary orbit, T = 24 hours = 24 X 60 X 60s = 86400s
2n

(i) v= r@ =£,§_,7t' = 415X 107xm = 3.02x 10Pms"!

6. (a) () v=r? , 900 revolutions per s is 900 X 27/60 rads' = 94.2rads™
v = 0.25x94.2 = 23.6 ms™!
(ii)Force required = mv*r = 04x23.6%0.25 = 89IN

(b) (@) It is the normal reaction force between the drum and the clothes + water which provides the centripetal force.
(ii) At the holes, there is no reaction force, so there is nothing to provide the necessary centripetal force, so the water continues on
in a straight line, i.e. tangentially to the drum, at the same speed.
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Applications of Circular Motion

Circular motion requires a resultant force in order to keep an object moving

through a circular path at constant speed. It is accelerated motion as the

velocity changes even though the speed remains the same; the reasoning for

this is laid out below:

e Velocity is a vector (it has magnitude and direction).

As the object travels around the circle its direction changes.

Acceleration is rate of change of velocity.

Therefore an acceleration is present.

There must be a resultant (unbalanced) force acting to cause the

acceleration (F = ma)

e This force acts towards the centre of the motion and is known as the
centripetal force.

Objectin circular motion

O;% The time period (T) is the time, in seconds, it takes for the body
to complete one revolution.

QF'EW The frequency (f) is the number of revolutions the body will
complete in one second.

Qc'w;w The resultant force that acts towards the centre of the circle is
called the centripetal force and the acceleration it causes also acts
towards the centre and is called the centripetal acceleration.

There are several equations that maybe required when answering questions
on circular motion; these are listed below:

2 2

0;::: v=wr a=—Y= g =V
r r

Ab - 2 1

=== =2 ==L SR U

O="7 nf =" f 7

60— angle moved through (rad)
f—frequency (Hz)

T — time period (s)

a— centripetal acceleration (ms)
m — mass (kg)

w— angular velocity (rads™)
t — time taken (s)

v — linear speed (ms™')

r — radius (m)

F — centripetal force (N)

The centripetal acceleration is always at right angles to the velocity -
otherwise the speed would increase. This means that, as the acceleration is
always directed towards the centre of the circle, the velocity is tangential..

2
The key equation is a = % - this means that for a given force, the radius
of the circle determines the speed at which circular motion can be performed.

Exam Hint: The centripetal force is always provided by one or more of
the forces already present - it is not an "extra" force. Look for any forces
present that have a component along the line joining the moving object
to the centre of the circle.

There are several types of exam question on this topic; the simplest form
will involve a horizontal circle. This involves no resolving and the route to
the answer is normally reasonably obvious if you are familiar with the
equations listed earlier. In this case the centripetal force is normally equal
to one of the forces present, rather than a component.

Example: Horizontal circular motion

A mass of 8.00 kg is attached to a piece of inelastic string of
length 4.00m, and rests on a smooth horizontal plane. The other
end of the string is fastened to the plane. The mass is set in
motion so that it performs horizontal circles on the plane. The
maximum tension that the string can provide is 700N.

(a) Draw a diagram showing the forces that acts on the mass. (Air
resistance is negligible).

(b) (i) Which force supplies the centripetal force?
(ii) Why does the weight make no contribution to the centripetal
force?

(¢) (i) Calculate the maximum linear speed the mass can move at
without breaking the string.

(ii) What maximum angular velocity does this equate to?

(d) Why is it important that the plane is smooth?

Answers Am Reaction
@ == —
<: < Lension : 8kg
weight

(b) (i) the tension, it is the only force that acts in the horizontal plane,
towards the centre of the motion
(ii) it acts at right angles to the centripetal force (vertically) so has no
effect on the centripetal force (which is horizontal).

2
(¢) (i) Usingthe formula F = M s v= /ﬂ = /700;4 =18.7ms’
r m

(ii) Using v =ar: 18.7=wx4
w=18.7/4 = 4.68 rad 57!

(d) Because otherwise friction would also act on the mass
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A similar type of question involves the orbits of satellites or planets.
Here the weight of the object provides the centripetal force and the
acceleration is equal to the acceleration due to gravity at that point in space
— this is given using Newton's Law of Gravitation
F = gravitational force between objects

_ Gmlmz G= . .
=— gravitational constant

r m, m, = masses of objects

r = distance between centre of masses of objects

F

satellit/e_ _

-
/ \
[ weight radius \
1 )
\\ Earth Y, /
N S
~ -

R ——

When the only force on an object is its weight the object is said to be in
freefall. Objects in freefall accelerate at the same rate as the value of g at
that point; i.e. a = g. An object in orbit is considered to be in freefall.
2
Gmgm  my .
So we have 2E = 5 Where m=mass of satellite, m, = mass of Earth.
ld r

This simplifies to Gm = vir

Exam Hint: Remember that "r" is the radius of the orbit - which is the

distance of the satellite from the centre of the Earth, not its surface.

A similar approach applies to planets orbiting the sun; in this case the two
masses concerned are those of the planet and the sun.

Exam Hint: Questions often involve geostationary satellites - these
stay in the same position relative to the earth, and hence have T = 24
hours.

Remember in questions like this to use the correct units - for example,
a period of 24 hours must be converted into seconds.

Example: Satellites
A geostationary satellite remains above the same point on the
earth as it orbits. It remains a constant distance R from the centre
of the earth
(a) Write down an expression, in terms of R, for the distance it
travels in 24 hours
(b) Write down, in terms of R, an expression for its speed in ms-!
(¢) Find the value of R.
(G=6.67 x10°" Nm?Kg™%; mass of earth = 5.98x 10* kg)

(a) It travels through a circle, radius R, so distance is 2R

(b) 24 hours = 24x 60x 60 = 86400 s

2R
So speed = il ms™!
86400 "
(c) We have Gﬂ -y
2 R
So Gm, = vgeR s
So (6.67 x10°11)(5.98x 10%) = [ 2ZR g
86400
2p3
3991014 = A% R
86400

3.99 x 10" x 86400° /(47 = R}
1.89 x 107 = R}
2.66 x10"=R

More complicated examples of circular motion occur when the centripetal
force is caused by only a component of a force rather than all of it. A
typical example in this style is the conical pendulum as shown below.

We resolve the relevant force into two components, one directed towards
the centre of the circle and one perpendicular to it. Provided the body is
moving in a circle at constant speed, the only resultant force will be
towards the centre of the circle.

A ical pendulum _.
conical pendulu Pivot

string

Tension

horizontal
path of mass

Remember the centripetal force is the resultant force directed towards the
centre. So in this case we resolve all forces horizontally and vertically. All
of the weight acts vertically so this is simple. The tension however has a
component both horizontally and vertically.

Considering forces vertically we know that the weight must be balanced by
the vertical component of tension as the bob does not accelerate vertically
- it moves in a horizontal circle.

mg = T sin@

Horizontally the only force that acts is the horizontal component of tension.
As this is the only force it is unbalanced and therefore is the resultant or
centripetal force:

2
== For a conical pendulum F= n;_vz T cosO

The most difficult example you are likely to meet is the type of example
where the centripetal force is provided by a combination of more than one
force. These examples normally involve objects travelling in vertical circles
e.g. rollercoaster cars, masses on strings or buckets of water.

A mass on a string moving in a vertical circle

vertical —
circular path

The diagram represents a mass on a string moving in a vertical circle. As
it moves in a circular path we know there is a resultant force acting
towards the centre of the circle. This force will involve both the weight
of the mass and tension in the string as the mass moves around the circle.

2 2
Position A: % =T+mg _ % —mg
2
Position B& D: “ =T
2 2
Position C: T —mg= % 7="% g
r

Remember: The maximum tension occurs at the bottom of the circle
as the tension has to overcome the weight of the mass and provide
the centripetal force. This is where the string is most likely to break.
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Exam Workshop

This is a typical poor student’s answer to an exam question. The comments
explain what is wrong with the answers and how they can be improved.
The examiner's mark scheme is given below.

A child ties a 500g mass to a length of string spins it in a horizontal
circle with radius 0.50m. The string makes an angle of 60° to the
horizontal. Calculate:

(a) The tension in the string.

2]

A microscopic example of applying the principles of circular motion comes
when considering charges moving in magnetic fields. When a charge enters
aregion of magnetic field at right angles to the field lines it experiences a
force, as given by Fleming’s Left Hand Rule (FLHR). FLHR tells us the
force acts at right angles to both the velocity and the field lines, a force at
right angles to a velocity causes circular motion.

Exam Hint: FLHR represents direction of current by using the second
finger. Remember that we say current flows in the same direction as
positive charge, so for negative particles, such as electrons, you point
your second finger in the opposite sense to their direction of travel.

vertical = Teos60° = mg
mg 500 x9.81 The force on a charge moving through a magnetic field is given by the
T cos®  cosec ™8 02 | equation below:

The candidate has made two main mistakes, forgetting to convert
from grams to kilograms and using the wrong component of tension.
Perhaps the candidate had thought the angle was with the vertical.

(b) The centripetal force acting on the mass. [2]
The centripetal force will be the component of the tension acting
towards the centre of the circle. v ecf
F=T = Tcos60° = 9800cos60° = 4900N

horizontal

2/2

The student uses their wrong answer from the previous section but
as they have already been penalised and they have used the correct
component this time then they gain error carried forwards marks.

(c) The mass on the string is now changed to 0.7kg and the
centripetal force required to keep it travelling at the same
radius is found to be 4N. Find the angular velocity it must be
travelling at. [3]

v= /ﬂ: /4X0'5 =1.7ms”!
m 0.7

The student has confused (linear) speed, v, with angular velocity, .
One mark is awarded, as this could be the first step in finding .

173

Examiner’s Answers

. mg 0.5 x9.8
Tin@=mg, T= —= = —————=
(@) Tsin® =mg sin@ sin 60
(b) F = Tcos60° = 5.7cos60°= 2.85N

(c) F=ma&’r o= /i = /L =34 rads”!
mr 0.7%x0.5

57N

Practice Questions

where: F = the magnitude of force on the charge
Q = the charge on the particle
v = the speed of the charged particle.

F=BQv

BQv is the only force so it must be supplying the centripetal force, a
particle of mass m will move in a circle of radius r.

B into paper

Q& &

This shows that faster, more massive particles will follow paths with greater
radii and that particles with higher charge will follow paths with smallerradii.
The direction the particle curves is determined by the charge on the particle.

Motion of particles at identical velocities moving through a magnetic
field

postive heavy particle,

B into paper e.g. proton

1. A 12gstone on a string is whirled in a vertical circle of radius 30cm at .
i uncharged particle, e.g.

a constant angular speed of 15rads™. neutron

(a) Calculate the speed of the stone along its circular path.

(b) Calculate the centripetal force acting on the stone.

(c) Why is the string most likely to break when the stone is nearest the Negative, light, particle,

ground? < @ @ e.g.electron

2. A proton enters of region of magnetic flux travelling at 6.0 x10°ms™!. If

he field strength is a constant 0.70T calculate the radius of the path Answers

the g -10T caleulate ; p 1. (a) v=cr=15x 030 = 4.5ms’!

the proton travels thorough and state its direction relative to the field. () F = mv2r = 0.012 x 4.520.30 = 0.81N

Mproton= 1.7x10?7kg, Qproton= 1.6x10°1°C. (c) When the stone is nearest the ground, T = Centripetal Force + W.

. . . . . This means that the tension in the string must be a maximum in order

3. For an object travelling with circular motion at constant speed, state to provide the centripetal force and oppose the weight.

what direction the centripetal force and velocity act in relative to the
circumference of the circular path. What happens if the speed of the
object increases without a corresponding increase in centripetal force?

2. r=mv/BQ = (1.7 x 1077x 6.0 x10/(0.70 X 1.6 x 107'%)=0.091m

3. The velocity is tangential, the force at right angles — towards the centre.
The object starts to spiral away from the centre of the motion.
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Coulomb'sL aw

You probably already know that electrically charged particles can
exert aforceon each other even when they are not actually touching.
You may have carried out experimentswith electrostaticswhich have
shown you that:

o therearetwokindsof electric charge—called positive (+) and negative(-);
e opposite charges (+ and -) attract one another;

e likecharges(+ and +) or (- and -) repel one another.

Physicist Charles Coulomb came up with alaw which described not only
the direction, but also the size, of this force between charged particles. It
is very similar in form to Newton's law of gravitation, but of course,
gravitational forcesare only ever in onedirection—awaysattractive, never
repulsive.

Coulomb’slaw statesthat thefor ce between two point charges
is directly proportional to the product of the charges and inversely
proportional to the square of the distance between them.

E= k% where Q, and Q, arethetwo charges(in coulombs)
r r isthedistance (in metres) between them.
F istheforcein newtons
kisthe constant of proportionality, and it has

an equation of its own:

k= —L  Wheree iscalled the permittivity

4me,  of free space.

The force between the two charged particles depends on what is between
them. If anything other than empty space (a vacuum) comes between
them, the force between the charges is reduced (which means that the
permittivity is increased).

The permittivity of air at standard temperature and pressure is 1.0005 x €,
and so we can usually take ¢ asthe value for air aswell asfor free space.
The value of the constante ; = 8.85 10 N m*C 2 or Fm* (farads per
metre)

So, we can combine all of this into the original mathematical form of
Coulomb’ sequation:

’- Coulomb’s equation: Es Q,Q,

4me,r?
You need to remember this equation and be able to use it to answer
questions. (Y ouwon't haveto remember thevalueof - itwill begiven

you in any exam.)

An approximate numerical valuefor L is9x 10°,

4rne,
so auseful form of Coulomb’slaw for making rough calculationsis:

Qle

r2

F=9x10°

If you havealready doneany work on Newton’ slaw of gravitation, youwill
probably seethesimilarities. Theforcein each case dependson both of the
objectscausingit (chargesfor Coulomb, massesfor Newton) andineach case
itisan inverse square law.

Thismeans for examplethat if the distance is doubled, the force gets four
timessmaller (becausetheinverseof thesquareof 2is¥4 or, mathematically:
1_

5= 0.25)

Typical Exam Question

(a) Calculate the for ce between two point charges of +100uC
placed 125cm apart in avacuum. (g=28.85x 10" Fm )

(b) State what difference it would make to the force calculated if:

(i) one of the charges was negative.

(ii) the space between the char ges was occupied by air.

(iii) thespacewasoccupied by par affin (which hashigh per mittivity)

_ QlQZ
@ F= Are 12

(100x 10 ) (100x 1010°)

= v’
47 (885x 102) (1257 - °/°N

(b) (i) theforcewould be attractiverather than repulsivev”

(i) therewould be a very slight reduction in the size of the force (or, no
change) v
(because the permittivity of air isonly very slightly higher than that
of free space).

(iii) therewould bealargereduction in the for ce (because the per mittivity
of paraffin is many times higher than that of free space). v

Exam Hint: Bevery careful with the unitsand the powers of 10 in this
sort of calculation. Itismost sensibleto convert everythingto Sl unitsat
thebeginning (metres, kilograms, seconds, ampsetc) and wor kwiththem;
for example, put 100uC and 125 cminto your equation as 100x 10¢ C
and1.25mat theverybeginning. Also, bevery careful about howyou enter
theseval uesinto ascientific cal culator —make sureyou know exactly how
toenter powersof 10. Itisespeciallyimportantinthissort of questionwhere
youdon’tusually havea‘ common-sensefeel’ for what areasonablefinal
answer ought to be.

—0—
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Practical considerations

A considerable proportion of the matter which makes up everything in the
universeconsi stsof charged parti clesand aknowl edgeof theforcesbetween
these particlesisneeded if we are to understand the structure of matter and
the structure of the atom. The law as we have stated it applies to point
charges, thatis, chargeswhichareconcentratedinasinglepoint. Sub-atomic
particles—the protons and el ectrons within an atom —are so tiny that to all
intents and purposes we can regard them as point charges. In fact, any
uniformly charged conducting sphere (with atotal charge Q) behaves—as
far asexternal effects are concerned —asif it were asingle point charge Q
concentrated at the centre of the sphere. Thisonly holdstrueif there are
no other charges nearby to disturb the distribution of charge on the surface
of thesphere. When these conditionsaremet, then Coulomb’ slaw givesan
acceptabl e approximation of theforcesexperienced by such asphereand of
the forces exerted by it on other charged particles.

Any experimental attempt to investigate Coulomb’ slaw by measuring the
forces between charged spheresis fraught with practical difficulties. The
amount of chargewe can investigate is difficult to measure with accuracy,
theforcesinvolved aresmall and thechargehasatendency toleak away into
theair.

A popular method involveslight spheres(usually polystyreneballs) coated
with a conducting material such as graphite paint, one mounted on an
insulating per spex handle and the other suspended from insulating nylon
thread. The diagrams below show a suitable arrangement. The balls may
be charged by touching each in turn with, for example, the plate of an
electrophorus or some other el ectrostatic charging device (Figl).

Fig1.Coulomb'slawappar atus

screen

A \
/ lightbeam
insulating
rod

Oneof thecharged ballsisgluedtothebottomof a'V’ -shaped swing of nylon
thread sothat it can only swing backwardsor forwardsin onedirection. As
the second charged ball, mounted on theinsulating rod, is moved closer to
the swinging ball, the amount of displacement can be measured by shining
abeam of light from the front and marking the position of the shadows of
both balls on ascreen behind the apparatus. The deflectionis proportional
totheforcecausingit. If afew vauesof d (distance between thetwo balls)
and D (deflection of the swinging ball fromitsstart position) are measured,
then it can be shown that 1

F=

ra

ExamWorkshop

Thisisatypical poor student’sanswer to an exam question. The
comments explain what is wrong with the answers and how they
can beimproved. The examiner’s answer is given below.

a) State Coulomb’slaw for theforce between two point charges[2]

F= Q,Q, v X
- 2
4mer

e Oneof thetwo marksavailableisawarded for explaining what
the symbols (Q, r and &) stand for. Easy to do, easy to forget
to do!

b) Calculatetheforceon an electron placed at a point 3.3 x 10m
from a spherical nucleus whose chargeis 1.12 x 10*C.
(Take the charge on an electron (e) to be —1.6 x 10°C and
g, =8.85x 10" FmY) [3]

Field strength= 1.31 x 103 X X X

e Disaster! Thewrong answer. However — there are three marks
availablefor this part of the question, and only one of them isfor
the correct final answer. This student has thrown away all three
marks by not remembering thegolden rule of all physicsexams—
show your working!

e Theonlyerror thestudent hasmadeistoforget ‘e,” when calculating
the answer — an easy sort of mistake to make, especially when
concentrating on entering all the powers of 10 correctly into the
calculator. If the working had been shown, thiswould have still
allowed two of thethree marksfor using the correct equation and
making the substitution of numbers for symbols correctly.

e Final error —no unitsfor theanswer. Again, easy to forget at the
end of acomplex calculation — but the units are just asimportant
apart of the answer as the numerical value.

¢) Explain how an atom could beionised by the application of a
suitable external electric field [1]

Anatomcanbeionised bytheapplication of asuitableexternal electric
field because when something isionised it means makingitintoions
(charged particles) and the electric field can do this. X

e [tisvery commonfor studentsto rewritethe question whenthey
don’tknow theanswer. Thisstudent hasremembered something
about ions from GCSE (that they are charged particles) but it
doesn’'t make up to an adequate answer at this level — the fact
remembered is not sufficient for this question. Repeating the
same thing twice doesn’t show any greater understanding.

Examiner’s answers
Q,Q,
4mer?
where: Q, & Q, arethe sizes of the charges

r the distance apart
&,the permittivity of the medium separating them +

a) Coulomb'sLaw: F=

b) F= QQ/4ne,r*v/
= (112 x 10®)x (-1.6x 107%9) /(47 8.85x 102 (3.3x10™3)?) v
=-0.0148Nv

¢) Theforce on the electron due to the external field must be greater
than the attractive force between the electron and the nucleus for
ionisation to occur.v”

_—, ee—
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Questions
1. A potential difference of 5.5 kV is applied to the electron gun of a
cathode ray tube, in order to accelerate the electrons from rest.
Thechargeon anélectronis -1.6 x 10°C, and the mass of an electron
is9.1x 103 kg. Calculate:
(i) the kinetic energy of the electrons as they leave the electron
gun. [2]
(ii) the speed of the electrons [2]

2. (@ Thearrow belowillustratesabeam of €l ectronsleavingtheelectron
gun of acathoderay tube. Completethediagram to show what you
would need to add to make the beam deflect downward using ad.c.

supply. Draw and label the path of the beam. [3]
>
electrons
(b) What difference would increasing the accel erating voltage make?
Explain your answer. [2]
Answers

1. (i) E, thekineticenergy lost by each electronequalsE , the potential
energy lost asit falsthrough avoltage, V. v/
=eV =1.6x10%x 55%x10°=8.8x 10%J v/ [2]

(i) E, =%amv? v
v = (2E/m)Y2
=[(2x88x10%)/(9.1x 10%)]2 v=44x 10mst v [2]

2. (@
v'plates
dectrons v T~ -
vl
consistent
way round

(3]

(b) If theaccelerating voltageisincreased the electronswould leavethe
electron gun at agreater velocity than before. v/ [1]
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Electric Field Strength and Potential

Field theory - electric, magnetic or gravitational - isamodel for explaining for cesthat act at adistance- that is, for cesbetween two
bodiesthat arenot in physical contact. Electricfieldsareused to explain thefor cesthat act between char ges.

Forceson charges

There are two types of charge: positive charge (carried by particles such
as protons) and negative charge (carried by particles such as electrons).
Theunit of chargeisthe coulomb (C). Experiments strongly suggest that
charge comesin discrete packets - i.e. it isquantised. The smallest unit
of chargeis 1.6 x 10'°C - the size of the charge on an electron or proton
- and all other amounts appear to come in integral multiples of this.

Any object carrying achargewill experience aforcewhen inthe presence
of another body also carrying a charge - like charges repel and unlike
charges attract. Thisforceisgiven by Coulomb's L aw (Factsheet 32)

i

_kQQ,
¢ F= r2

F isthe forceon either charge (N)
Q, and Q, are the two charges (C)
r isthe seperation of the centres of the two charges (m)
k isa constant; its valueis 9 x 10° Nn?C?

k= 1/(4re,), whereg, isthe permittivity of free space.

* A attractiveforceis negative (Q, and Q, are of opposite signs)
* Arepulsiveforceispositive (Q, and Q, are of the same sign)
® Theforce acts upon the line joining the centres of the two particles

Electric fields

:.,-E“ Any charged body generatesan electricfield
Electricfieldsonly act on charged particles.

An electric field isauseful concept to help us describe electrical forces -
forces that act on charges. This may seem pointless if there are just two
charges - Coulomb's law tells us the size and direction of the force. But
electric fields alow us to describe the effect of a whole collection of
charges, by combining their electrical fields.

0‘-"";“ Theelectricforceonachargeinan eectricfieldis:
F=0qE
F = force (N)
g = charge (C)
E = electricfield strength (NC?)

Note that since force is a vector and charge is a scalar, electric field
strength must be a vector.

0,-5“ Electricfield strength (NC?) isdefined asthe force (N) per unit
charge (C) experienced by atest charge at that point.

Thedirection of theelectricfield at any point isthedirection of the

force experienced by a positive charge at that point.

Representing electric fields

Fields are represented by drawing field lines (lines with arrows).

* Thecloser together the lines are the stronger thefield.

» Field lines point in the direction a positive test charge would move.
Thediagrams below show el ectric fieldsfor isolated positive and negative
charges.

Notice in both cases the spacing of the field linesis not constant. Asthe

distance from the point charge increases the field lines diverge, showing
that the field becomes wesker.

Types of electric field

Point charges

A "point charge" - i.e. a body with charge, but no size - does not really
exist, but it is a useful approximation for small charged particles such as
electrons.

Theelectric field for such acharge can be found from Coulomb's law.
Theforce on atest charge q in the presence of acharge Q isgiven by:

F XaQ
r-2
But from the definition of electric field, we also have:
F=qE
So: qu@ . Thisgives:
r

for apoint charge Q

Parallel plate capacitor
A parallel platecapacitor hasauniformfield between the plates, except for
closetotheedges(edgeeffects). Accordingly, thefield linesare constantly

spaced.
+

Note the non-uniformity of thefield at the-edges. For the uniform part of
thefield:

V isthe potential difference between the two plates.
d d isthe distance between plates.

Note: This shows that electric field strength can also have units of V!
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Hollow charged sphere
® Thenet field strength inside a hollow charged sphereis zero.

® Outside, thefield behavesasif all the charge creatingitisat apointin
the centre of the sphere.

Variationof fieldwith distance

The graphs below show how field strength varieswith distancefor apoint
charge, acapacitor and ahollow charged sphere. Negatively charged point
charges and sphereswould give negative versions of the same graph.

Point charge
The decline of E with distance follows an inver se square law.(E « %)
E

Parallel plate capacitor
E is constant whatever the position between the plates
E

Q<

Hollow charged sphere
E is zero within the sphere, and declines following inverse square law
outside.

E

= |x
N

'
(= radius of sphere)

ExamHint: - Thevariation of field strength with distanceiscommonly
tested. You needtobeabl etorecogniseandreproducetheabovegraphs.

Electricpotential

You will aready have met the idea of potential difference - a potential
difference between two points means there is a voltage drop between
them. Accordingly, electrical potential is measured in volts.

:.:‘_—% Thepotential at apointinandectricfieldisdefined asthework done
in bringing a test unit positive charge frominfinity to that point.

The potential of a charge at infinity is always defined to be zero.

If the charge creating an electric field is positive, then since "like charges
repel”, work must be done to bring atest positive charge in from infinity.

However, if the charge creating thefield is negative, then as" unlike charges
attract”, thework done to bring in atest positive charge from infinity is
negative- the chargewould tend to be attracted in, so work woul d actually
be required to stop it.

=

The potential due to a positive chargeis positive.
The potential due to a negative chargeisnegative.

The definition of potential in terms of work tells us that electric potential
is a measure of the potential energy per unit charge.

The potential energy on a charge dueto a potential Vis:

PE.= qV
P.E. = potential energy (J)
g = charge (C)

V = electric potential (V)

Since energy is a scalar and charge is a scalar, potential must also be a
scalar quantity.

If two points have different electrical potentias, then the potential energy
of acharge must changeif it movesfrom one point to the other. For thisto
happen, work must be done on or by the charge.

The work done when a charge moves through a potential
differenceisgiven by W= QAV

W = work done (J) Q = charge (C)

AV = potential difference (V)

@

i

Theelectrical potential energy increasesif:
« A positive charge movesto a point of higher potential
A negative charge movesto a point of lower potential

Note that the work done depends only on the potential of the starting and
finishing point - the route that the charge follows does not matter.

Thistellsusthat if acharged particle is taken around a closed loop in an
electric field, no work isdone - since the potential of the starting point is
the same as the potential of the finishing point.

Typical Exam Question

a) Explain the difference between electric potential and electric
field strength [3]

b) A paralld plate capacitor has 100V across plate 2mm apart.
(i) Find the strength of the field between the plates. [2]
(ii) What forcewould beexerted on an electronif it wer e positioned
between the plates? (Charge on an electron = 1.6x10%°C)[2]

a) EFSistheforcev’per unit chargeonatest chargeat apointinthefield
whereas potential isthework done vper unit charge on atest charge
brought frominfinity vto that point inthefield.

b) (i) E=V/dv'= 100/(2x10°%) = 50kVmtv”

(i) F=gE = 1.6x10%°x50x10° v= 8x10*°N v~
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Electric potential and the electric field

Electricfield = —gradient of electric potential

=

Lines connecting points of equal potential - called equipotentials- canbe
drawnonfieldlinediagrams.

==  Equipotentialsareat right anglestofield lines

Equipotentials are like contour lines on a map (in fact, contour lines are
gravitationa equipotentials - they link points with the same height, and
hence the same gravitational potential energy)

The diagram below shows the field lines and equipotentials for a point
positivecharge: fiddline

equipotential

In fact, the equipotentials around a point charge will be spheres, centred
on the point charge. Thisis because all points on the sphere are the same
distance from the point charge - so the work required to bring a charge to
any point on the sphere will be the same.

Equipotentials tell us about ener gy changes - the energy required to
move from one equipotential to another. Field lines tell us about for ces -
theforce on an electric charge at aparticular point.

Typical Exam Question
Electrons are accelerated and then directed between two parallel
plates as part of a cathoderay tube, as shown below.

100V
electrion beam
10cm
ov
5cm

a) For theregion between the plates find:

(i) the electric field strength; [2]

(ii) theforceon an dectron. [2]

(b) Given that the velocity of the beam is 1x10’ms? find:

(i) the time spent between the plates; [2]

(i) the acceleration of the electron; 2]

(iii)the vertical displacement of the electron as it just leaves
the plates. [3]

Mass of an electron = 9.11x10%kg
Charge on an €electron = 1.6x10°C

a)i) E=V/d = 100v/10x 102 = 1kVmv’
(i) F=0E = 1.6x 10%°x 1x 10°v= 1.6x 10N+

(bi) t=d/v=5x10%1x 10" = 5x 10° sv~

(ila=F/m v= 1.6x 1016/9.11x 10°* = 1.76x 10¥ms? v~

(iii) Using equations of motion and applying them vertically
a=1.76x 10%ms2 u=0

t=5x 10%s s=?

s=ut+Yaat? v= Yox 1.76x 10¥ms?x (5x 109)? v= 2.2mm v~
as measured fromits "weight" on entering the field.

Potential for point char ge, par allel platecapacitor,hollow sphere

Point charge

@= ForapointchargeQ, v = L
r

The graph below shows how potential and electric field strength decrease
with distance for a point charge.

VorE

Electricfieldstrength (< %)

Parallel plate capacitor

O:‘:wa‘ For a parallel plate capacitor with spacing d and potential
difference V, between the plates, the potential decreases linearly
between the positive and negative plates

Thegraph bel ow showshow potential and el ectric field strength vary with
distance for a parallel plate capacitor

EorV

Hollow charged sphere

OF—w The potential inside the sphereis constant, and equal to the
potential on the surface. Outside, the potential is as if all the charge

creating it isat the centre of the sphere.

Thegraph below showshow potential and electricfield strength vary with
distance for apoint charge.

EorV
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Potential andfield for any conductor

Inaconductor, there are charge carriers (el ectrons) that arefreeto move. If
therewasadifferencein potential between any two pointson theconductor,
chargeswould movefrom onetotheother until thedifferencewasremoved.

Accordingly, the surface of aconductor isan equipotential. So theelectric
field is perpendicular to the surface of the conductor.

CombiningElectricFieldsand Potentials

Theelectricfield and potential dueto several chargescanbefoundby adding
uptheirindividua electricfieldsand potentials. For potentials, thisinvolves
justaddingthevaluesnumerically. Sinceelectricfieldsarevectors, thesemust
be combined using vector addition.

Worked Example 1.
Points A, B, Carein a straight line, with AB =BC =r.

A charge 2Q is placed at point A. A charge-3Q is placed at pointC.

Find the potential and field strength due to these charges at point B.

For chargeat A:

Potential at B=2KQ
r

Electricfield atB = Lsz away fromA, (ascharge+ at A)
r

For chargeat C:
Potential atB= 3—:@

Electricfield at B :?’Tk? towards C, (ascharge - at C)

S0 altogether, potential at B = @+ %3 = k%

For electricfield at B, both fields arein the same direction, so overall
fieldis 5L20 towards C.
r

Questions
In the questions below, assume 1/4re, = 9.0 x 10° mF*

1. State Coulomb's Law.

2. Define (i) electric field strength (ii) electrical potential, and state
whether each isavector or ascalar.

3. Sketch graphs to show the variation of electric field strength and
potential with distance from a point charge.

4. Explain why all points on a conductor must be at the same potential.

5. In aparald plate capacitor, the distance between the platesis 1mm,
and the potential difference across the platesis 3V.
Calculate the electric field strength between the plates.

6. A hollow sphere of radius 2cm carries acharge of 7.0 uC.
A point charge of 0.1uC is placed 1cm away from the surface of the
sphere.
Calculate the force on the point charge due to the sphere.

7. ABCisaright-angled, isosceles triangle with AB = BC = 2cm.
A charge of 1uCisplaced at A, and acharge of -1uCisplaced at C.
(a) State, giving your reasons, the potential at point B.
(b) Cdlculate the magnitude and direction of the electric field at B

Exam Wor kshop

Thisisatypical poor student’sanswer to an exam question. The comments
explain what is wrong with the answers and how they can be improved.
Theexaminer’sanswer isgiven below.

(a) Calculate the electric potential midway between two identical
charges, +20 uC, placed 30 cm apart in vacuum. Takethe
value of g, the permittivity of free space, to be 8.9x10™ Fm™.

(3]
13

v 20*
47 (89 x101) 30 X2 =119x10°x

Incorrect units used; candidate did not notice that the chargewasin
uCrather than C, and that thedistancewasincmrather thanm. Al so,
unitsomittedfromfinal answer. Note:- chargeswill amostinvariably
beinuC, sincethe coulombitself isavery large unit.

(b) (i) Explain what is meant by an equipotential surface

(1]

0/1

Exam technique! The question mentions equipotential surface, so
theanswer must refer to potential . Thedirection of theelectricfield
will alwaysbeat right-anglesto the equipotential surface, soall the
pointsonitwill certainly not havethe samefield (aselectricfieldis
avector, direction must be taken into account)

All pointshavethesameelectricfield *

(ii) Explain why a metal plate placed anywherein an electric
field will be an equipotential surface. [2]
12

This answer is correct, but it needs to also say that movement of
electrons would lead to the potential differences disappearing.

If it wasn't the electrons would move.v”

Examiner's Answers
(@) V=2x20 x 109(478.9 X102 x 15x 109
V=238x 10°V v
(b) (i) Asurfaceonwhichall pointsareat thesameelectrical potential. v
(i) If therewereany differencesin potential over the surface of the
metal, then its conduction € ectronswould move under theinfluence
of the potential gradient. v~ This electron movement would
eventually reducethe potential differencesto zero. v

Answers
1 - 4: answers may be found in the text

5.E=V/d=3/103 = 3000 Vm*

6. F=kQ,Q,/r?= (9.0 x 10°) x (7 x 10°) x (0.1 x 10°)/(0.03)?
=7N

7 (8) Zero. It isthe same distance from positive and negative charges of
the same magnitude.
(b) Electric field dueto A is (9.0 x 10°) x (10%)/(0.02)? in direction AB
Electric field dueto Cis (9.0 x 10°) x (10)/(0.02)?in direction BC
A
2.25x 107

B
2.25x 10

So magnitude of field? = (2.25 x 107)? +(2.25 x 107)?
magnitude of field = 3.18 x 10" NC*
Direction is parallel to AC (or 45° to AB or BC)
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Capacitors

Introduction
Capacitorsarewidely used in electrical engineering and electronics. They are
important in any physics course because of the variety of usesthey have.

A very simple capacitor consists of two parallel metal plates.

4

The capacitor is first connected to a d.c. supply and then to a sensitive
ammeter (or galvanometer).When the capacitor is connected to the sensitive
ammeter, a momentary deflection is observed. This deflection is a brief
pulse of charge and illustrates an important idea with capacitors.

We say “a capacitor stores charge”. We use the symbol Q to represent
the amount of chargeinvolved. Inthiscase, charge Q istaken fromthed.c.
supply, stored on the capacitor plates and then the same charge Q
discharged, through the ammeter.

Remember that the unit of chargeisthe coulomb (abbreviation C).
Although one coulomb is a small amount in current electricity, it isan
enormousamount in static electricity. Incapacitors, thechargestored is
static and we use much smaller units, typically microcoulombs pC.

Although a capacitor can be made from any two conductors close
to each other, we have considered the simplest case where the
conductors are two parallel metal plates. You should also note that the
platesare separated by aninsulator, inthiscaseair. Theinsulating material
iscalled thedielectric. Becausethe dielectricisaninsulator it isclear that
asteady d.c. current cannot pass through a capacitor and thisiswhy we
only get the brief pulse of charge referred to above.

The symbol for a capacitor is simply: —{ }—

so the above diagram can be redrawn with this symbol.

Q|1 ||
N |

— 11—

Noticethat the plates are marked + and — and that these signs correspond
to those on the d.c. supply.

You might think that the charge stored is 2Q. Thisis not so. Ask yourself
how much chargeisflowing through the ammeter during discharge. Only
the amount Q flows from the positive plate, through the ammeter, and
‘neutralises’ the charge on the negative plate.

Toinvestigate the charge stored on acapacitor we can usea‘ coulombmeter’.
When acoulombmeter is connected to acharged capacitor, it will takeall
the charge from the capacitor, measure it and display the result on a
digital readout. | ¢ right

[ — ] rocker switch

Ty g
2O £

By depressing the left hand key of the rocker switch, the capacitor is
charged to apotential differenceV which can be adjusted by the variable
d.c.supply. Upon depressing the right hand key, the stored charge Q is
measured and displayed by the coulombmeter.

coulomb
meter

Table 1 shows the charge stored for various potentid differences up to 10 volts.
Tablel

pd (lt) | 2 4 6 8 10
uc) | 4 8 12 | 16 20

charge

The results are displayed in the graph below. You can see that thereis a
linear relationship.

charge/uC A
A0}

167

121

8-

4

2 4 6 8 10 pdVv

Theratio 8 is the gradient of the straight line, so % = constant

:.:;——: This constant is called the capacitance of the capacitor.
Chgrge.stored = capacitance  or Q. C
potential difference v

Theunit of capacitanceisthefarad (F). To calculate the capacitance,
Q must bein coulombs and V in volts. Because the coulomb isalarge
unit so aso isthe farad.

In practice you will use submultiples as shown in table 2.

Table2
factor prefix name symbol
Fx 108 millifarad mF
Fx10° microfarad uF
F x10° nanofarad nF
Fx 107 picofarad pF
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To calcul ate the capacitance of the capacitor in the graph, we can use the
last point (20 uC, 10V)

- Q

C= V
20x10°°
=222 F

c 10

C=2x10°F

C =2 uF (2microfarads)

Any pair of readings in table 1 could have been used giving the same
answer, try using one or two yourself. In each case you are finding the
gradient of the line on the charge against potential difference graph.

If you do areal experiment, your readings will probably not increase
uniformly asin table 1. In this case you plot all the points and then draw
the best straight line passing through the origin. The gradient of thisline
givesthe average valuefor the capacitance.

Exam Hint: If you are working out the gradient of a line, or doing
any calculation, always look carefully at the units to see if metric
prefixes are being used.

Capacitance
The size and separation of the plates affects the capacitance.
The two quantities you need are area of overlap of the plates A and the

plate separation d.

_— areaof overlap A

Experiments show that:
e capacitance variesdirectly withtheareaA , I A.

e capacitance varies inversely with the separation C 0 Fl
Combining thesetwo gives: C O %

To change from a proportionality to equality we introduce a constant of
proportionality, in this case €.

We can now write the equation C = g, % We use the subscript 0 when
there is nothing between the plates. (Strictly there should be a vacuum
between the plates but the presence of air makes almost no difference).

Theterm g, epsilon nought, is called ‘the permittivity of free space;
its value is given by (g, = 8.85 x 10> Fm™ (farads per metre)).

The unitsfor & can befound by rearranging the equation above and then
putting in the known units:

_ Cd
A

unitsfor g = EXM =pFm
m

So far we have been thinking that the space between the platesisair or a
vacuum. What will happen if an insulator, the dielectric, is introduced
between the plates ? The answer isthat the capacitance will beincreased
by several times. The factor by which it isincreased is between 2 and 10
for most dielectrics and is called the relative per mittivity £ . Note that
€, does not have any units, it simply ‘multiplies up’ the capacitance (see
table 3).

Table3
Material Relative permittivity &
Air 1.00053
Paper 35
Mica 54
Wax paper 2.2

OF'EW Expressionfor capacitance

common area of the plates (m?)
separ ation between the plates (m)
relative permittivity (no units)
constant of proportionality

(8.85 x 102 (Fnv?)

C =gr£0% where A
d
€

r

&

Worked example

A capacitor ismade from two parallel metal plateswith acommon area
of 1m? and a separation of 1mm (&, = 8.85 x 10™ Fm™)

(8 calculatethe capacitance

C=g, % where A = 1m?and d =10°m.
S0, C = 8.85 x 10 %x 1%_3: 8.85x10°F.

(b) If the plates are now held apart by athin sheet of paper 0.1 mm thick,
calculate the new capacitance. (Relative permittivity for paper = 3.5).

o0 C=35x885x10% _ 34 x10%F (=310nF)

=geA
C gogr d ! 10—4

Remember: Inthe expression for capacitance,C = ¢, A

Thearea Amust bein n?(normally small) and separationd must beinm.

Combining capacitorsin paralld and series

The following are not proofs but aim to help understanding.

The diagram below shows two capacitors C, and C, in parallel. You can
seethat thearea of C, isadded to that of C,. So, you can seethat the total

acitanceC_=C +C..
cap T 1 2 +Q1 Cl
—.
+Q2 c

2

Another way to look at capacitorsin parallel isto look at their charge. In
this case the total chargeis found by adding Q, and Q,.

=

For capacitorsin parallel C.=C, +C,
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The diagram below shows two capacitors C, and C, in series. The
values of the capacitors may be different but the charge on each isthe same.

T

Cl d1 d2 Cz
You can seethisby looking at thetwo inner plates, onefrom each capacitor,
and remembering that they are insulated from the rest of the circuit. The
charge lost by one plate must equal that gained by the other. The total

charge stored hereis Q.

L ook at diagram bel ow showing the equival ent capacitor with anincreased
separarion and (because C I]E1 ), thetotal capacitance C, isreduced.

Itisfound using the formula CT = C% = é
+Q | -Q
|
c, l c,
d ' d
= For capacitorsin series é = % = %

Worked example

Two capacitors of 5F and 2uF are connected in parallel and ad.c.
supply of 50 volts applied to the combination. Calculate:

(i) thecharge on each,

(ii) thetotal charge stored,

(ii1) thetotal capacitance of the combination,

(iv) thecharge stored on the combination.

Answer: Fromthe definition for capacitance, Q= C x V.
(i) Qg=5x10°x50= 250uC Q,=2x10°x 50 = 100uC.

(i) Q.= (250+ 100) uC = 350uc :: SuF
s0v H

(iiiy C,=C +C, 0,C = (5+2uF="7ur
Q=(7 x50)uC = 350uC
Remember: for capacitorsin parallel, the potential differenceacross I

Note that the answersto ii) and iv) are the same.

(iv) Agaln useQ Cx VW|th C=T7uF
each capacitor isthe same.

Typical Exam Question

Two capacitor s of 16F and 48uF are on connected in seriesand a
d.c. supply of 40 volts applied to the combination.

Calculate 16 uF 48 uF

(i) thetotal capacitance Ci ° +Q _Q

(i) thetotal charge stored
(iii) the charge on each capacitor V
(iv) the potential difference across each capacnor.
Answer:

o usng Lol -1 1_1
(i) Using C_:T =c = Cz,wehave, c T 16

1

1
+ 280 C,=12uF

(if) Using Q = C x V, we have stored charge Q = 12u x 40 = 480 uC
(iif) The charge on each capacitor (in series) must be the same
Hence Q,, = 480 uC and Q,, = 480 uC
(iv) Rearrange C= 9 togive V= 8
_ 480 ,uC 480 uc
o,V = 16 F =30VandV,, 48 (F =10v

(Note that 30V + 10V = 40V)

Remember: for capacitorsin series, the charge on each capacitor must|
be the same and the applied potential is divided.

Energy stored in acapacitor.

Aswell asstoring charge, acapacitor must store energy. You can seethis
istrue because work hasto be done to charge the capacitor and energy is
released during discharge. For a capacitor, the energy stored is the area
under the graph of voltage against charge.

p.d
Y -

f

Charge

Here, thisisatriangle, sow =% Q, xV,

If youuse C =% and substitute for Q and then V , two other expresions
arefound:

Q_% Energy stored in a capacitor = %2 QV

Typical Exam Question

A 10pF capacitor, initially uncharged, is connected to a 2 volt
supply. Calculate

(i) thechargetransferred from the supply to the capacitor

(i) the energy taken from the supply

(i) theenergy stored in the capacitor.

Answer:

(i)  Fromthedefinition of capacitance,
Q=CxV.S0,Q=10ux2=20uC

(i)  Thesupply provides 20uC at a steady p.d. of 2 volts.
The energy taken from the supply, W, is given by W = ¥2QV.
So, W= 20u x 2 = 40uJ

(i)  Any of thethree expressions can be used to find the energy in
the capacitor: suppose we use W = ¥2QV This gives
W= %% 20u x 2= 20ud

Note that because we are using W = %2QV the energy isin jouleswhen the
charge is in coulombs and the p.d. in volts. With capacitors, it is quite
common to havemicrojoules.

When acharge Q coulombs movesthrough apotentia differenceof Vvalts,
the work done is QV. Only haf of this stored in the capacitor! What has
happened to the other half? It ishard to believe, but the answer isthat the
‘missing’ half islost asheat in the connecting leads. In charging the capacitor
thereisacurrent for ashort time. This current passesthrough theresistance
of theleadsand givesthejoul e heating effect (12 x R). Notethat theresistance
of theleadsisusually very small and consequently isignored in most cases.

3 A ———
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Timecongtant

In the diagram the capacitor isfirst charged from the 6 V supply and then
discharged through the 4kQ resistor R. The question is ‘how will the
charge leak away from the capacitor through the resistor R?

R=4KQ

T
oV T
hd

T c=orF

Theanswer isdisplayedin graph below . It showsthecharge Q remaining on
thecapacitor. Theinitial chargeisfound by usingQ=CV. Q,=2ux6=12uC
as shown on the graph.

charge/ uC
12
10 LQ=QO><5%° — -
8
6
S
' |
) Q=037Q, R
0 EEEEs
0 2 4 6 8 10 12
time/ ms

All other values are found from the equation Q = Q x eR¢

In this equation, e means exponential, and may be found on a calcul ator.
Look for the button marked e* and check for yourself that
et=2718. and e = 0.37 (to 2s.f.) (see Factsheet 10 Exponentials and
Logarithms) The equation and graph describe an exponential decay. All
you need to doisto let t = RC in the equation. You will then have:

Q:QOXEIJRC
Q=Q,xe"
Q=Q,x0.37

Theterm RCiscalled thetime constant, it isthetime taken for the charge
stored to fall to 0.37 or to 37% of the original charge.

The time constant for the circuit is:
t=RC
t=4x 10° x 2 x 107 seconds
t=8x 1073s(8 ms)

Thegraph aboveit showstheinitial charge Q, = 121C ascal cul ated above.
The time constant is 8ms, so the charge remaining at that time should be
12uC x 0.37 = 4.44uC.

Not only doesthe chargefall exponentially but the current and pd decrease
exponentialy as shown in the two graphs below and they have the same
time constant of 8 ms.

current/ mA
15
\ =1, % e ke
1.0
t=RC
0.5 ‘ \
I =1,%x0.37
0 |
0 10 time/ms
p.d/V
6.0
.\ V=V, x e /ke
4.0
20 2R \ﬂ\
\\
V=V, x0.37
0 \
0 10 time/s

After the time constant, t = RC, Q, V, and | al fall to 0.37 of their origina
vaue.

Sometimes we may need to know when these quantities fall to a half of
their original value. This time is obviously slightly less than RC and is
approximately 0.7 x RC seconds. (The exact value is found by using the
natural logarithmof 2, In2 = 0.6931. You will meet In2 in calculations on
half lifein radioactivity).

:.:;——w Thetimefor Q, Vand | tofal to haf their original values
isgivenby: T,=RCxIn2

T,,=RC x0.69 approximately

—_—mmm—m—
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ExamWorkshop
In this question, take the permittivity of free space ¢, = 8.85 x10* Fm*.

A student hasto design a parallel plate capacitor of value 13 uF.
(a) Estimate the common area of this capacitor if the dielectric

used is air of uniform thickness 0.1 mm. [3]
) 15t

< Ny x Y a- B0 0asiazxaotm 23
d & 8.85x10

This candidate has quoted the correct formula and substituted the
givenvalueshut failedtowrite Cinfarads (13 x 10°). Thehigh value
produced should have given a hint that something was wrong.

(b) I'nanimproved design, the student fills the space between the
plates with an insulator which is only 0.01 mm thick with a
relative permittivity g = 1.5. Estimate the new common area.

(2]

Az, Cd/ 107t ectv’
< %Ry g 0 A =1.47 x10° x ~1x10" m?
d EoER 15 22

Has correctly recognised and used relative permittivity. For agiven
capacitor reducing d will reduce A in sameratio. Note the candidate
has been awarded full credit for using the wrong answer from 1 a)

(c) A capacitor is conected in parallel with a high resistance
voltmeter V in acircuit with a 10 volt supply and switch S.

S
C=13uF —— (]]:}

ovde T
Upon closing the switch, calculate; the pd across the capacitor
and the charge stored in it. [2]

Pd across capacitor = supplypd= 10V v
Q= CV Q=13 x 10% x 10 =130 micro-coulombs v’ 2/2

Has now correctly worked in micro-coulombs.

(d) When the switch has been open for 4 seconds, the voltmeter
reads 6 volts. Calculate:
(i) the charge remaining in the capacitor. [1]

e,att=4s,Q=C\/,soQ4:13u><6=78uC‘/ 11

(ii) the time constant for the capacitor voltmeter combination.

(4
T8 ¢/R 0 o51=RC*
130 v

2/4

v
Q=QoeyRC 78=130e%*9

Candidate has cal cul ated InE2)correctly, but then equated it to RC.
Common senseshoul d havetold him/her that anegativeanswer was
wrong. S/he has also ignored thet.

Examiner's Answer

A
(@ c= 5o
A= CdY_ 13x 10°x 0.1x 10° v/
& 8.85x 10%2
= 147ty
Cd
b) A= ——v
() A= 2
_ 13x 10°x 0.01x 10°®
8.85x 10™x 1.5
=979 v
(© Pd=10W

Q=CV Q=13 x10°x10=130 uC

(d) (i) asinanswer
(i) Q= Qe"™”

78= 130"
In(78/130) = ~/RC v/

. _ 4
t=4  RC= | 7g130)Y

=78sv

Typical Exam Question

a) Two capacitors are available, one of 2uF and one of 5uF. Each
capacitor is given a charge of 300uC. Calculate the potential
difference across each.

b) The 2uF capacitor isnow in the circuit shown below.

10 voltsdc TC =2uF
Calculate:

(i) the charge which flows through the milliammeter when
the switch is moved from the left to theright;

(ii) the current in the milliammeter when the switch
oscillates with a frequency of 200 Hz;

(iii) thefrequency at which the switch should vibratein order
to producea current of 10mA.

milliammeter

11—

_— , Charge stored Q
capacitance = oo C=«v Vv
3 Bydefinition, Cap potential difference v
300 x 10°®
V=" = v
For 2uF, 2% 10° 150 Volt
for suF, v=300x10°  _ gyt v
5x10%

b) (i) Fromdefinition,Q=VxC,
so chargestored Q = 10 x 2u = 20u C or 20 x 10°C v/
(i)  We(should) knowthat current isthe charge circulatingin 1
second.  Sncethe switch oscillates 200 timesin one second,
thechargecirculatinginthistimeis (20 x 10 x 200 C. v/
Thisis 4000 x 10 coulombsin 1 se0ond = 4 x 10<coulombs
in 1 second =4 millicoulombsin 1 second .Hence, current=4mA v/
(iii) required current = 10 mA which is 10 x 10 coulombs in 1
second. v/
Working in microcoulombs, this becomes (10 x 107%) x 10°
microcoulombsin 1 second, = 10*uC in 1 second.
Charge is till being ‘delivered’ in pulses of 20 uC v* so the
number of pulses per second or frequency will be
10 u

- v
20 1 = 500 Hz

Y
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Questions

1. Inthecircuit shown below, the capacitor isinitially uncharged and then
the switch sis closed.

Supply = 100V
e

v !
C=2uF

—fr=smal— |

(@) Findtheinitial current | charging the capacitor.

(b) Find the current charging the capacitor when the charge stored on
the capacitor is
(i) 40uC
(i) 190 uC

(c¢) Find the maximum charge stored by the capacitor.

(d) Sketch a graph to show how the charge stored on the capacitor
varies with the time from when the switch is closed.

(e) What isthe gradient at the origin on the graph you have drawn?

2. Inthediagramsall theresistorsare of equal valueand all the capacitors
are of equal value. Thecircuit in Fig 1 has atime constant of T. What
arethe time constantsfor Fig 2 and Fig 3 ?

— i o

=

3. Thecircuit below has a 12 volt supply and two capacitors C, and C,
The switch Sis connected to terminal a.

S
a b

C,= 5pFT C,=1yF

(@) CalculatethechargestoredonC.,.

(b) The switch Sisthen connected directly to termina b.
Caculate:
(i) the capacitance of the capacitor combination.
(i) the potential difference across the capacitors and,
(iii) the chargeon C,

(© Thecircuitisnow modified by replacing C, withresistor R=16 MQ.
Theswitch isagain moved directly fromatob.

S
a b

|r=16m0

C = 5HJ

Calculate the charge on C, 60 seconds after closing S.

Typical Exam Question
Thediagram below representsathunder cloud 5.0 km x 5.0 km and
1.0km above the ground.

5km

T 1km
N

N\

(a) Estimate the capacitance of the cloud-earth system stating any
assumptions you make.

(b) If themaximum potential differ ence between the cloud and earth
is 1.0 GV calculate the maximum charge stored and the
corresponding energy. (g, = 8.85 x 1072 Fm™)

Earth

Answer:
(a) Assumptionsare

» totreat the cloud - earth system as a parallel plate capacitor
with dimensions given.

+ airasdielectricsothat £ isapproximately 1. The capacitanceis
£A
found fromC = —°d— . Points to watch are the units.

SoareaA=(5x10°) x (5x 10%) = 25 x 10 nPandd = 10° m

c= 25X1f’f+5xwzz 221 % 10° F or, 2.2 x 107F to 2sf.
In calculating charge, remember that 1GV = 10° V. In thiscase,using
Q=CV, Q=22x107x10°= 2.2 x 10?coulomb

(b) To calculatethe energy, any of the three expressions may be used.
Using W= ¥2QV we have W = %22.2 x 10? x 10° = 1.1 x 10" J.

Notethat in questions of thistype, weareonly estimating our final value.
Hence it seems sensible to give answers to no more than 2 significant
figures. Asarule, be guided by the figures supplied. In the above, £ is
givento 3sig.fig. but therest only to 2 sig, fig. So the answer must beto
2 sig. fig. You may wonder what the difference is between lengths of 5km,
5.0km, and 5.00km. The answer is that the calculation will show no
difference but the information supplied is telling you the number of
significant figures to which you should work.

Answers
1. (a) 20pA
(b) 16 pA
(©) 1pA
(d) seepaged
(e) gradient =initial current =1 =20 uA
all three have the same time constant T
3. (a)60uC
(b) (i) 6uF
(i) 10v
(iii) 50 uC -
(0 Q=Q,xe’m=60x0.472=28uC

N
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Uses of Capacitors

Factsheet 29 provided a thorough discussion of capacitor theory. It may
well be worth looking through this again.

In this Factsheet we will be looking at the ways that capacitors can be used
in electronic circuitry, and the types of capacitors that are in common use.

A brief summary of relevant theory
1. Charge and discharge rates:

E'R
L

A capacitor charges or discharges through a resistor following an exponential
curve. The time constant, T, is defined as: T=RC (s)

Charging Discharging

The discharge graphs resemble:

AN
V’IvQ L

N
7
t

Things are slightly more complex for the charging graphs. The p.d. and
rge stored increase as the charging current falls:

1/
s

v.Q 4 t

In each case the current drops to 0.37 of its initial value after one time
constant: %€ = el = 0.37

Example:

(a) To what fraction of its original voltage does a discharging
capacitor drop after 3 time constants (T=3RC)?

(b) How many time constants does it take for the voltage to drop to
25% of its initial value?

Solution:
(a) e 7’C = ¢7 = 0.050
-1

(b) e?C = 0.25,RC =in0.25=-139,t=1.39RC = 1.39T

Most uses of capacitors involve this time constant. It can be seen that
increasing R or increasing C results in a larger time constant. The charge and
discharge rates change more slowly.

2. Capacitance and Energy:

When a capacitor C is charged to a potential difference V, acharge Qs

storedinit. Q= CV, or C= Q/V (farads)

The energy stored on this capacitor can be written:
E = 15CV = 12QV = 12Q%/C  (joules)

3. Reactance:
In an a.c. circuit, a capacitor C has a reactance.

1
Xe="w0)

Where @ 1is the angular frequency (@ = 2xf).

(ohms)

Reactance for a capacitor is equivalent to resistance for a resistor.

hAt very high frequencies the capacitor acts as a short circuit; at
very low frequencies the capacitor blocks most of the current.

Example:

(a) A L5UF capacitor is placed in a mains circuit (f=50Hz).
Find its reactance.

(b) It is then placed in a d.c. circuit (batteries). What is its
reactance now?

Solution:
(a)X.= 1/eC)=1/2r x50 x 1.5x10%) = 2.1k&2

(b) X. = INwC) = Infinity, as the frequency is zero.

In a d.c. circuit, the capacitor does not let any current through.
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1. Coupling
Because a capacitor blocks d.c. signals, it can be used between stages of an
amplifier, or to connect the amplifier to a loudspeaker. Only the a.c. signal

can get through.
@R

|
{

C
l
!

Stagel Stage?2

.|”...

If the input signal is a square wave:

Input Current

Output Current — —_-__-__-_ﬂ_ov

It is important that the time constant of the coupling circuit (RC) is much
greater than the period of the input signal. If the capacitor were to become
significantly charged (or discharged) during each half cycle, then the current
flow would fall. This would cause distortion in the output.

Input Current

Output Current
(RC too small)

Obviously this would not be acceptable.

h Only the varying component of a signal can travel through a
capacitor.

2. Smoothing

A diode bridge rectifier changes a.c. voltage (e.g. mains) into d.c. voltage.
This is often required in electronic circuitry. However the d.c. output of
the rectifier is not steady:

AVATATATAY

A large capacitance across the output stores charge, which can then be
discharged through the load as the output voltage from the rectifier falls.

Output —I— C

d.c. supply
LoadR

The voltage across the load is smoothed by this extra flow of charge.

There is still a slight ripple in the voltage. The larger the capacitance, the
smaller the ripple will be. If the 1oad only requires a small current flow (e.g.
electronics), then the smoothing can be almost perfect.

h A high value capacitor can be used to smooth d.c. voltage |
for many applications.

3. Energy discharge

In certain devices, it is important that all of the energy is supplied in a
sudden pulse. Examples are flashguns and some types of lasers. This
requires a very high current flow for a very short period of time.

Power supplies cannot do this.

| —

—

M T
1|

—

LoadR
The internal resistance, r, limits the flow of current,

Vv .
I= ®Rin’ restricting the rate of energy transfer.

However, if energy is stored on a capacitor, then the discharge current can
be very large, as long as the resistance of the load, R, is very small. The
initial current flow is given by I=V/R. If the load is tiny, then the rate of
energy transfer P=V?/R can be very large.

The lack of significant internal resistance means that a

charged capacitor can deliver energy very quickly (for a short period
of time).

4. Oscillation
The charge and discharge rates for a capacitor circuit can be used to produce
an alternating signal. The frequency depends on the components chosen.

R
V, <
>4V
- 1 0
C J———" V
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This is an astable multivibrator. When V, becomes larger than V, , the
output V_ instantly becomes negative. Capacnor, C, discharges throu0h
resistor, R until V, becomes less than V, . The output V_ jumps to a
positive value. The capacitor charges up (through R) unul V, becomes
greater than V,, forcing V1o go negative again.

The output voltage is a square wave.

\Y

0

The frequency is controlled by the values of R and C, as time constant RC
determines the rate of charging and discharging (and thus the rate at which
V, changes). Often R is a variable resistor, allowing the operating frequency
“~ be adjusted.

An RC circuit can be used to determine the rate of switching
in many types of oscillating circuits.

5. Tuners
A traditional and simple tuning circuit for radios, televisions, etc, relies on
a capacitor and inductor in paraliel.

Aerial

Output

All the carrier frequencies are picked up by the aerial. By choosing the
rrect values for C and L, the device can be tuned to a selected frequency.

i
”~
I

Qutput

4Lf

A m——————————

The reactance of the inductor increases with frequency; the reactance of
the capacitor decreases with frequency. The maximum voltage across the
tuner occurs when:

f= 1
R (2mLC)

f, is the resonant frequency.

P An L-C parallel circuit allows us to tune to a selected frequency.
A variable capacitor makes tuning through a range of frequencies
possible.

Some useful capacitors
The basic capacitor has two conducting plates separated by a dielectric
material. The capacitance is given by:

A is the area of each plate

g, is the permittivity of free space
g, is the relative permittivity of the dielectric
d is the separation of the plates.

There are different ways that practical capacitors can be constructed.

1. Film capacitors

ﬁ aper
G /‘P / metal foil

— paper

~ metal foil

The paper and metal strips are rolled into a cylinder, forming large areas of
metal separated by waxed paper as the dielectric. These capacitors are
very cheap. They make good general-purpose capacitors.

Often plastic films such as polycarbonate and polystyrene are used instead
of paper, as they improve the frequency response.

2. Electrolytic capacitors

Once again thin strips of material are rolled into a cylinder to forma large

area in order to maximise capacitance. But this time the dielectric is just a

thin film of aluminium oxide formed on the positive strip of aluminium foil
(the anode).

ﬂ

paper soaked in electrolyte

aluminium foil

paper soaked

\ in electf'rcﬂyte

A chemical reaction forms the oxide layer. It may be less than 10-°m thick,
greatly increasing the capacitance. Electrolytic capacitors routinely have
capacitances of hundreds of microfarads, or even more.

Their high capacitance makes them very useful in smoothing and coupling
circuits. However they have a constant leakage current (limiting their use in
low power electronic circuits), and must be put in the circuit the correct
way round to avoid damage (they are polarised).

3. Variable air capacitors

Tuning circuits require a capacitor whose value can be changed. The variable
air capacitor accomplishes this by changing the effective area of the plates
facing each other.

Turning the knob rotates one set of plates, changing the effective area. The

actual capacitance is small. The important point is that it can be varied.
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Questions
1. In a coupling circuit, sketch the output current (from a square wave
input) if the time constant is much smaller than the period of the input

signal.

2. Ina smoothing circuit, the load requires a steady current of 0.5 amps.
The smoothing capacitor holds a maximum charge of 2.4x10* coulombs.
Is the smoothing likely to be very effective at mains frequency?

3. Two strips of paper and two strips of metal foil are rolied up to make
a paper capacitor, Each strip is 50cm long, 2cm wide, and has a thickness
of 0.1mm. Find the diameter of the cylinder formed.

4. Give one advantage and one disadvantage of electrolytic capacitors.
Where are they used?

5. Two ways that capacitance can be maximised are by increasing the area
of the plates or by decreasing the separation of the plates. What methods

are used in film, electrolytic, and air capacitors to maximise capacitance?

Answers

The capacitor becomes completely charged or discharged, and the current
drops to zero.

2. For mains electricity, one-half of a cycle lasts 0.01s.
The charge required to provide the current in this time:
Q=1It=0.5x0.01=35 x 102 coulombs.
Although the capacitor only has to supply the charge for part of the
cycle, there is far too much charge required. The capacitor is much too
small.

3. Volume cylinder = Volume rectangle
(choose cm as unit)
mll=lwt, il =wt, =4 x50x001/x
P = 0.64cm? t = 0.80cm d = 1.6cm.

4. Advantage —large capacitance.
Disadvantage — leakage current, polarised.
Used in smoothing and coupling circuits.

5. Film capacitor —large area.
Electrolytic capacitor - large area, small separation.
Air capacitor — neither.
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Magnetic Fields

This Factsheet will explain:

e whatismeant by amagnetic field;

the meaning of the term magnetic flux density;

the shape of fields around wires, coils and solenoids;

the factors affecting fields around wires, coils and solenoids;
how to measure magnetic fields.

Before studying the Factsheet, it ishel pful to revise GCSE work on magnetic
fieldsi.e. how to investigate the shape of amagnetic field using ironfilings
or aplotting compass and the shape of the field around abar magnet; also
knowledge that a magnetic field can be caused by an electric currentin a
coil or asolenoid.

Factsheets 33 and 35 also contain related ideas about fields that would
enhance understanding of this topic.

Fields

A fieldistheregion around amass, charge or magnet in which aforce can
be experienced. This definition is common to the three types of field —
gravitational, electric and magnetic. Any of these fields can be described
by “linesof force”. Theline of force showsthedirection of theforceon a
unit mass, positive charge or North magnetic pole and the density of the
lines of force shows the strength of the field. Another name for “lines of
force” is“flux”, so theflux density gives the strength of thefield.

O;;;w The strength of thefield is given by the "flux density” I

Field Strength

The strength of agravitational field is defined as the force on aunit mass,
and the strength of an electric field as the force on a unit positive charge.
The strength of a magnetic field can be defined as the force on aunit N
pole, but thisis not very helpful, since unit poles do not actually exist and
magnetic fields can also have an effect on chargesinthefield. Soweshall
see that magnetic fields are generally defined in terms of the force they
exert on acurrent-carrying conductor.

Field of Magnadur magnets

A lesscommon, but for some applications, moreimportant shape of magnet
than the bar-magnet isthe “magnadur”. The shape of thefield between two
magnadursisshowninbelow. Sincethelinesof force (theflux) are paralld,
then the field is constant (since the density of the lines shows the field
strength) for most of the centre of the region between the magnets.

magnadur magnet

Thefield of two magnadursis constant in the centre.

=

Field of along, straight wire carrying a current

Thelines of force of along, straight wire carrying a current are concentric
circles, in the plane at right angles to the wire, with the separation of the
linesinversely proportional to the distance from the wire.

E>

= Thefield of along straight wire consistsof concentration circles
in the plane at right angles to the wire, dropping off as +,

wherer isthe distance fromthewire.

The direction of the lines can be remembered by using the right hand as
shown below.

current
fieldlines

Field of a coail

A cail isredlly along straight wirecoiledinto aflat circle. Thefield of acail
can beworked out by adding the contributionsfrom each of the sections of
the wire.

North pole on opposite side

current direction

/fidddi rection

South pole on this side

@@= Thedirection of thefield - If youlook at the end of the coil and
the current isclockwise, then you arelooking at a Spole, conversely, if the
currentisanti-clockwise you arelooking at a N pole.

o O
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Field of a solenoid
A solenoid isalong coil (though it is often wrongly called a coil; acoil is
flat.) Thefield isthe addition of the fields from lots of coils.

current direction

) current direction

South pole on this side

N
iy

Again the direction of the field can be worked out. When you look at the
end of the solenoid, the current is clockwise, you are looking a a S Pole.

You should recognize thisfield asidentical to that of abar magnet, except
that it continues inside the solenoid. It has the advantage over the bar
magnet in that the strength of the field can be varied, whereas abar magnet
has afixed strength.

Force on a current-carrying conductor in a magnetic field

The force arises out of the interaction of the two magnetic fields: the one
dueto the wire and the one due to magnadur field. Imagine thetwo fields
superimposed on each other. Lines of force cannot cross, since they show
the direction of the force at that point in the field, so the resultant of the
two forces becomesthe new line of force and a combined field results.

N S
T
: + :
\__,_r/
magnadur field field of a wire combined field
carryingacurrent givesanet force
away from you downwards

Sometimes the combination resultsin a“neutral point” —apoint wherethe
two fields exactly cancel each other out.

== A neutral point is a point where two or more magnetic fields
cancel each other out to give no resultant force.

Inthe case of thelong straight wirein amagnadur field, thereisanull point
on oneside of thewire, and astronger field on the other side of thewire, so
thereisanet forceonthewire, whichisat right anglesto both the magnadur
field and to the wire.

O.% A current-carrying conductor in amagnetic field experiences
aforce which is at right-angles to the field and to the wire, due to the
combination of the two magnetic fields

The direction of the force on the wireis always at right anglesto the field
and to thewire, but to decide the exact direction, usethe diagrams aboveto
work out which side thefield dueto the magnadurs, and thefield dueto the
wirereinforce each other, or use the left-hand rule:

thuMb - Motion

Forefinger - Field seCond finger - Current

Expressionfor thestrength of amagneticfield

It seems likely that the force on the current-carrying conductor should
depend on the strength of thefield, thelength of thewireinthefield and the
sizeof thecurrent. Each of thesefactorsmay beinvestigated oneat atime,
keeping the other factors constant, by using magnadurs mounted on a C-
yoke and passing acurrent through awire placed in thefield. If thewhole
arrangement ismounted on asensitive balance, theforce can berecorded. It
isindeed found that the force depends on the current |, the length | of the
conductor in the field and the field strength B, so we may write:

F o BlI

Infact we usethisexpression to definethefield strength of amagnetic field
and choose the units (the tesla) so that the constant of proportionality is
one. So:

F =BIl

=

Onetedaisthat field, which inawire carrying a current of
1lamp producesaforce of 1 newton for each metre of thewire'slength.

ExamHint: -Youwill beexpectedtobeabletousethisexpressionlinking
force, flux density, current and length of thewireinthefield. F = BII

Typical Exam Question

A uniform magnetic field of 40mT actsat right angleson 3m of a
long straight wire carrying a current of 3.4A. Calculatetheforce
on the wire.

F = BIl, therefore F = 40 x 103x 3.4 x3 = 0.41N

0;% YYou should know the definition of thetesla T, the unit of magnetic
field strength (flux density) as:

That field, in which awire carrying a current of 1 amp, produces a
force of 1N for each 1metre of the length of the wirein the field, at
right anglesto both the wire and the field.

M easuringmagneticfields

Itisnot easy to measure magnetic fieldsdirectly, since apparatusto measure
the force on awire is cumbersome. A Hall probe uses the effect of the
magnetic field on electronsin asemi-conductor to giveap.d. acrossaslice
of semi-conductor, whichisproportional to thefield. Thisgivesameasure
of thefield strength. If an absolute value of the B-field isrequired the Hall
probe must be calibrated in a known field, but often it is only relative
values that are needed so the calibration is not always necessary.

ExamHint:- Although you are expected to know about the use of a Hall
probe, you are not expected to understand itsinternal workings.

Field of along straight wire
If the field of along straight wire is investigated using a Hall probe it is
found to depend on the current through the wire and to drop off as:

1 . ) .
T where r isthe distance from the wire.
The constants of proportionality are such that we can write:

Where p, = permeability of free space (4n x 107 NA?)

B Ul B = magnetic field strength, flux density (Tesla, T)
2nr I = current (A)

r = distance from the wire (m)

Exam Hint: Although you will be given the expression B = %’;Ir—

youwill beexpected to beableto carry out calculationsusing it
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Typical Exam Question
Calculatethefield strength at apoint 60cm away from and in theplane
at right angles toalong straight wire carrying a current of 1.3A

7
B = ul _ Arx10 ><1.3= 43x107T

2~ 2w x0.6

Field of a solenoid

If thefield of asolenoidisinvestigated using aHall probe, itisfoundto be
constant for most of the length of the solenoid, but drops off to about %2its
value at the ends.

It is also perhaps surprising that the field is found to be independent of
the area of cross-section. It isfound to be proportional to the current
and to the number of turns per unit length. Again the units chosen
alow the constant of proportionality to be 1. So:

n = number of turns per 1metre length

u,= permesbility of free space (4n x 107 NA?)
B = flux density (Tedla, T)

| = current (A)

= Where
B=pu,nl

Exam Hint : Although you will be given the expression B = p nl, you
should be confident in using it for calculations.

Remember that nisthenumber of turnsper 1metrelength, not thetotal
number of turns.

Typical Exam Question

A solenoid is45cm long and has 100 turns. Calculatethe magnetic
field strength inside it when thereis a current of 3.6A

n = 100/0.45 = 222.2 (Remember nisturns per metre)

B = 47 x107x 222.2 x 3.6T = 1.0mT

Total Flux

You havelearned that the strength of the magnetic field isthe flux density,
Binteda. When you study electromagnetic induction, it isthe total flux,
not just its density that isimportant. Thetotal flux is given the symbol @,
and is the product of the flux density and the area.

where

@ =total flux (weber, Whb)
A = cross-sectional area (m?)
B = flux density (Teda, T)

Typical ExamQuestion

a) A solenoid isformed by winding 300 turns of wire onto a hollow
cardboard tubeof length 0.15m. Show that whenthereisacurrent
of 0.4A in the solenoid, the magnetic flux density at the centreis
1.0 x 10°T. 2]
Thesolenoid hasacross-sectional areaof 5x 10°m? Themagnetic
flux emerging from one end of the solenaid is 2.7 x 10° Wh.
Calculate the magnetic flux density at the end of the solenoid.[2]

b) Why istheflux density at the end not equal to theflux density

at thecentre? [1]
a _ 300 _

n= 015° 2000 turns/metre

B=punl = 4w x107x 2000 x 0.4=1.0mT
b) ,_ @ _ 27x10° _

B= A= Ty 107 - 054MT

¢) Throughthecentreof thecoil thelinesof forceareparallel linesso
the flux density is constant, but at the ends the same lines of force
spread out over a greater area, so their density isless.

Exam Wor kshop

Thisisatypical poor student’sanswer to an exam question. The
comments explain what is wrong with the answers and how they
can beimproved. The examiner’s answers are given below.

(a) Explain what ismeant by field strength of amagneticfield. [3]
It isameasure of how strong thefield is. 0/3

The candidate has merely restated the question. Field strength
isaprecisedefinition. S/he should have realized that more was
required for 3 marks.

(b) Expressthetedain base units 2]
F =BIl, thereforeBis force/current x length so unitsare N/Am 1/2

The candidate has reduced the current and length to base units, but
N is not a base unit.

(c) Calculatethecurrent in the cablefor a household electricfire
rated at 3 kW (Take mains voltage to be 240V). [2]

P =V x| thereforel = 240/3 = 80A 0/2

Thecandidate hasforgotten that 3kW is3000W and hasthe equation
upsidedown. S/he should have realized that 80A isnot asensible
household current.

(d) A child stands 50cm from the cable, what will be the value of

the field in the region of the child? [2]
_ 4l _ 4nx107x80 _ '
B= 7&'?— “orxB0 - 32x10"T 172

The candidate would not be penalized for carrying forward the
error from (c), but he has also forgotten to change 50cm into
0.5m

Examiner’'s Answers /

(a) Thefield strengthistheflux density in Tesla, where a Teslaisthat
strength of field which causesaforceof INon eath 1metrelength of
awireat right anglesto thefield,‘/carryi ng a current of 1A.

(b) Bisforcelcurrent x length so is kg§?A™

(¢) P=V x| thereforel = P/V = 3000'/;40= 125Av

(d) B= ul _ 4rx107x125 _ 5x106T

2nr 2w x 0.5/ v

_— ., e—— e P
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Questions
1. Explain what is meant by aneutral point in afield.

2. (a) Sketchthemagneticfield pattern of along straight, current-carrying
wire, indicating the directions of both the current and thefield lines.
(b) Sketch themagneticfield pattern between two magnadur magnets.
Indicating the direction of thefield lines.
(c) Sketchthe combination of thefieldsof (a)and (b) and explain why
it resultsin aforce on the wire which is at right angles to both the
wireand thefield.

3. Thecaoil inamicrophone has an average radius of 5.0 cm and consists
of 250 turns.
(@ Caculatethetotal length of the wire.
The microphone magnet producesafield strength, at right anglesto the
coil, of 250 mT.
(b) Calculatetheforce onthe coil when it carries a current of 4mA.
(c) What is the effect on the coil when the current through the cail

alternates?

4. Twolong straight wires, each carryingacurrentof L5A, areplaced2m

apartinair.

(8 Cdculatetheforcewhich eachwire exertson each 1metrelength of
the other.

(b) If thecurrentin each wireisinthe samedirection, which direction
isthe force?

(c) If thecurrent in onewireisin the opposite direction to that in the
other wire, which direction isthe force?

Answers
1. Aneutral pointisapointintheresultant field of two or more magnetic
fieldswher ethefield stregthscancel (in magnitudeand dir ection) out so
that the net field strength is zero.
2. Seetext.
3. (a) Length= 2ar x 250 = 2w x 5 x102 x 250 = 78.6m
(b) F=BIl =250 x 10%x 4 x 103%x 78.6 = 7.86 x 102N
(c) Theforcewill reversedirection each timethe current changes
direction, i.e. thecoil will vibrate.
4. (a) Field duetoonewireat the other wire
_oul _ 4rx 107x 15 _ ;
_fn:_r_—Zn:XZ =15x 10T
Forceexerted = Bll = 1.5x107x1.5x1=2.25x10"N
(b) attractswires
(c) repelswires
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Electromagnetic I nduction

If an electrical conductor and amagnetic field are moved relative to each
other, an electric current or voltageisinduced (or generated —it meansthe
same thing) in the conductor. Most of the electricity we useis generated
by electromagnetic induction.

Magnetic flux

A simple bar magnet creates a magnetic field in the space around it. We
can represent thefield by lines of force (you have probably seen the shape
of thefield revealed by iron filings or, more laboriously but less messily,
with aplotting compass).
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We call theselines of force * magnetic flux lines'. Theword ‘flux’ means
‘flow’ —and the lines of magnetic flux flow from the north pole of the
magnet around to the south pole.

If alength of wireismoved into the magnetic field (or out of it) it must cut
across the lines of magnetic flux. It isthis cutting of flux by a conductor
which causes a current to be induced in the wire. Remember, it doesn’'t
matter whether it is the wire or the magnet which moves—in either case,
thewire cutsthe magnetic flux linesand acurrent will flow. (Actualy, the
current will only flow of courseif thewireis part of acomplete circuit —
you don’t haveto forget everything you knew about electricity!)

If acoil of wireisused instead of asinglelength, each turn of the coil cuts
across the magnetic flux and contributesto the size of the current induced.
Soif acoail hasfiveturns, therewill befivetimesasmuch current induced
asinasingleloop of wire.

Flux linkage

A dlightly different way of thinking about thisisto say that thelines of flux
which passthrough the middle of the coil are‘linking’ the coil. When the
coil isinsidethe magneticfield, flux ‘links’ the coil by flowing throughiit.
Whenthecoil isoutside the magneticfield, no flux linksit. We can then say
that changing the flux linkage by moving the coil into thefield (from X to
Y in the diagram below) or out of the field (from Y to X) or through the
fieldinducesacurrent.

How much magneticflux?

There are some similaritiesbetween electric fields, gravitational fieldsand
magneticfields. Ineach casewe are ableto define the strength of thefield
—how much forceisapplied at any given point to agiven charge, amassor
acurrent. So, the strength (E) of an electric field at a particular point is
the force on aunit charge (1 coulomb) at that point. The strength (g) of a
gravitational field istheforce on aunit mass (1 kilogram). Inthe same way,
the strength (B) of amagnetic field is the force on a unit current length;
that is, the force acting on aconductor 1 metrelong carrying acurrent of 1
amp at right angles to the direction of the magnetic field (OK, just a bit
more complicated than electric or gravity fields).

Another, more useful, name for this magnetic field strength B is flux
density. Itisthe number of magnetic flux linesin unit area(i.e. number
of flux lines per m2.) You can picture flux density as a measure of how
closetogether thelines of magnetic flux are.

We can now say that the total amount of flux (whichwecall @) isequal
to theflux density B multiplied by the area A through which it isflowing:

® = BA
(magnetic flux = flux density x area)

(Remember —if thereare N turnsin the cail, then the magnetic flux linkage
will beN® = NBA)

Remember : The magnetic flux lines have to be perpendicular to the
area A — or else we have to consider the component of B which is
perpendicular to A.

The unit of magnetic flux is the weber (Wb). You can see from the
equation how thisis related to the unit of flux density, the tesla:

1T =1Wb n12 - one tedais one weber of flux passing through one square
metre

How much induced em.f.?

We have seen that electromagnetic induction happens — an em.f. (or
voltage) isgenerated - whenever aconductor cuts across lines of magnetic
flux (or, to put it the other way, whenever the flux linkage is changed).
Thesize of thisvoltage—thevalue of theinduced e.m.f. — depends on how
many lines of flux are being cut and how quickly they are being cut. We
can say that it dependson therate of change of flux linkage. Thisissummed
up in Faraday’s Law.

h Faraday'sLaw

Theinduced em.f. isproportional to the rate at which fluxis cut
This can be written as a mathematical equation: E = - %D

where N is the number of turnsin a coil of wire and 2—? istherate

at which flux @ iscut. (You will see later (in LenZ's Law) where the|
minus sign comes from and what it means)
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Notefor non-mathematicians
If you're not studying AS/A2 level maths, you might not be familiar

iththe 92
withthe ot

how one variable changes with another — in this case, how the flux @
changeswithtimet. You canthink of it as: thechangein flux @ divided
by the change in time t. As another, unrelated, example, the speed of a
moving object (which, asyou know, is change in distance s divided by

change in timet) can be shown in thisformat as ds . (Incaseyou are

dt
interested, it is called a differential equation and, like so much in our
lives as physicists, was ‘invented’ by Isaac Newton.)

format. Don’'t panic! It isamathematical way of showing

Typical Exam Question:

A coil of 1000 turns and resistance of 50Q has a cross sectional
area of 6.8cm? It is connected in series with an ammeter of
negligible resistance. The coil is mounted with its plane
perpendicular tothe Earth’smagnetic field and isrotated through
90°, sothat itisparallel tothefield, in atimeof 0.5s. Themagnetic
flux density of the Earth’s field at this location is 5.2 X 107°T.
Calculate the average em.f. induced in the coil and the average
current recorded on the ammeter.

=Bxarea v
=52x%x10°x6.8x 10"
(remember you must convert cn to n? 1)

=354 x 10 Wb v

Flux linkage through single coil, @

Flux changes to zero in 0.5s
e.m.f. = number of turnsx rate of change of flux linkage
=1000x 354 x10®%/05=71x10°V Vv

current = V/R=7.1x 10°%/50= 1.4 x10°%A (= L4 uA) v

Exam Hint: Bevery careful with the unitsin thissort of calculation. It
ismost sensibleto convert everythingto S unitsat the beginning (metres,
kilograms, seconds, amps etc) and work with them. It is especially
important in this sort of question where you don’t usually have a
‘common-sense feel” for what a reasonable final answer ought to be.

Faraday’s law tells us the size of theinduced em.f. If we want to know
the direction of the em.f.— in other words, which end of the wire or coil
becomes positive and which end becomes negative - we need L enz'slaw.
(You must be ableto REMEMBER and U SE this one, too)

@ LenzsLaw

Thedirectionof theinduced e.m.f.issuchthat it tendsto opposetheflux
changewhich causesit. Aninduced current will flowinadirectionso
asto oppose the flux change that is producing it.

(ThisiswheretheminussigncomesfrominFaraday’ sLaw, above. Infact,
Faraday’ slaw stated asamathematical equation encompassesLenz’ slaw
too. This—asin many areasof physics—isan exampleof how thelanguage
of mathematics can be more economical than English or other ‘word’
languages.)

Lenz's Law is consistent with common sense and with the law of
conservation of energy. If an induced current flowed the other way, to
reinforcerather thanto opposetheflux changecausingit, thentheinduced
current wouldincreasetheflux change, inducing still morecurrent, and so
on — getting bigger and bigger and giving something for nothing (more
electrical energy output for noextraenergy input). Thelawsof naturenever
giveyou something for nothing!

A special caseof Lenz'sLaw—Fleming sRight Hand Rule

If you have a straight conductor which is moving at right angles to the
magnetic field to induce an electric current, then Fleming’ s Right Hand
Rule (sometimes called the ‘ Dynamo Rule’) isamore useful version of
Lenz’ slaw which enablesyouto predict whichway thecurrent will flow.

If thethumb, index finger and second finger of the RIGHT hand are held
so that each is at right anglesto the others; with the first finger pointing
inthedirection of themagneticfield (Northto South) and thethumbinthe
direction of motion of the conductor, then the second finger will pointin
the direction of the induced current.

first finger
(=fidd)

thumb (= motion)

second finger
(= current)

Eddy currents

Any pieceof metal whichismovinginamagneticfieldhasane.m.f.induced
withinit. Thise.m.f. can causeacurrent toflow insidethebody of themetal,
knownasaneddy current. Theresistanceinsidethesolid metal may bequite
small, which means that the eddy currents might be quite big. The eddy
currents will cause their own magnetic effects and heat effects — both of
which can be useful — but they can also cause problems.

If acylindrical copper or aluminium can (both non-magnetic metals) is
pivotedsothatitisfreetospinaboutitsaxis, andthenamagnetisspunround
inside the can, the can will start to spin with the magnet. The magnet
generateseddy currentswithinthemetal of thecanwhichinturncreatean
el ectromagneti cfield which opposestheturning magnet. Thereactionforce
spinsthecan. Thisisusedinthemechanism of acar speedometer. A magnet
isattached to acablewhich spinsat the speed of thewheel rotation. It spins
insideana uminiumcylinder whichexperiencesaturningforce. Thecylinder
isprevented from spinning by alight hairspring. Thefaster themagnet spins,
thefurther the cylinder isturned against thereturning force of the spring—
and so theamount of turn of the cylinder indicatesthe speed of the magnet
and therefore the road speed of the wheels.

Eddy currents are also used for damping the movement of moving-coil
meters — such as ammeters and voltmeters — so that the pointer moves
smoothly to the correct reading and settlesthere, rather than overshooting
thereading and oscillating back and forth. Thecoil of themeteriswoundon
ametal frame—largeeddy currentsaregeneratedinthismetal framewhich
opposetherotation of thecoil asit accel eratesto thereading position, cutting
acrossthemagneticflux linesof the permanent magnet. Theideal situation
istosetthelevel of damping at thecritical level —sothat it movesquickly
tothe correct reading but without any overshoot and oscillation.

Both of the above examples are useful applications of the eddy current
effect, but they can cause problems, for examplein motors, transformers
and dynamos. All of these have coils which are wound on iron cores to
increasetheel ectromagnetic effect, but theiron metal al so experiencesflux
changes and large eddy currents can be set up which cause alot of heat
withintheiron. To cut downtheenergy lost by overheatinginthisway, the
iron partsare made of alaminated construction, with lots of thin sheets of
iron, glued together but separated by thin insulating sheets. This greatly
increasestheresistancein the direction the eddy currentswould normally
flow. The next example of an exam question demonstrates this effect.

_—, e—
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Typical Exam Question:

A solid copper cylinder (a) is suspended from a thread so that it
hangs between the poles of a magnet. The thread is twisted so
that the cylinder oscillates, spinning alternately in opposite
directions. After afew turns, the cylinder slows down and comes
torest. What differencewould it makeif the cylinder wasreplaced
by a similar-sized pile of 1p pieces as shown in (b)?

€) ' (b)

As the solid cylinder spins within the flux lines of the magnet, eddy
currents are generated within the body of the copper metal.v’
LenZ's law predicts that these eddy currents are in such a direction
as to set up magnetic effects which oppose the movement causing
them — so the spinning cylinder experiences an opposing force which
slows it down and stops it relatively quickly. v/

If the cylinder is made of 1p pieces, the small gaps between the coins
with tiny particles of dirt and grease increase the electrical resistance
of the cylinder in the vertical direction. The eddy currents can no
longer flow easily up and down the cylinder, and the damping effect

is greatly reduced.v” The pile of coins will oscillate for much longer
than the solid copper cylinder. v/

Transformers

A transformer usesthe principles of electromagneticinduction to change
or transform an alternating input voltage to an alternating output - which
may be higher or lower than theinput voltage.

laminated iron core

primary secondary
coll coil

input voltage
(Vp)

output voltage
(Vs)

.

The device consists of two coils of wire, called the primary (input) and
secondary (output) coils — wound on the same iron core. For reasons
explained above, theiron coreis made of laminated iron to cut down heat
energy loss due to eddy currents. Theratio of the output voltage to the
input voltage is determined by theratio of the number of turns on the two
coils. In an ideal transformer (one where the energy loss due to eddy
currents, heating in the coils and so on has been reduced to zero):

secondary (output) voltage =
primary (input) voltage

number of turns in the secondary coil
number of turnsin the primary coil

Asthe names suggest, a‘ step-up’ transformer is one which increases the
voltage; a ' step-down’ transformer decreases the voltage. Asin therest
of physics, you don’t get something for nothing — just as the voltage is
increased, the current is decreased, and vice versa, so that the total power
(= VI) remains costant.

Typical Exam Question:

A step down transformer isused toreduce a 240V a.c. supply to
12V a.c. to power a model racing car with a motor rated at 24W.
(i) What istheturnsratio of thistransformer ?

(i) What current flowsin the primary coil ?

(iii) What assumption did you make in answering (ii) ?

N,D B Np . . v
N_s = N—S sotheturnsratio Np/NS: 240 /12 = 20:1 primary: secondary
Current in secondary coil isgivenby | = P/V = 24/12 = 2A. Current
in the secondary coil must be 20 times that in the primary coil, so
currentinthe primary coil = 2/20= 0.1A. v/

The current calculation above assumes that the transformer is 100%
efficient; i.e. power input = power output, and therefore that the
current increases by the same factor as the voltage decreases. (In
practice this is very unlikely — all practical transformers will lose
some energy in the process).

Questions
1 (@ Writedown theformulafor the emf induced when a conductor of
length | cuts across lines of magnetic flux at speed v [1]

(b) An aeroplane with a wingspan of 15m flies horizontally at a speed
of 200ms™. If the Earth’s vertical component of magnetic flux
density is 5.2 x 10 T, calculate the emf induced between its
wingtips. [2]

2. A solenoid is connected to a sensitive galvanometer. A bar magnet is pushed
quickly into the solenoid and then removed at the same speed.
(a) What would you expect to see happen on the galvanometer?

[4]
(b) Explain these observations. [5]

(c) The action is now repeated at a higher speed. What difference you
would expect to see in the response of the galvanometer? Explain
your answer.

(2]

What is meant by the term ‘eddy currents'? [3]

(b) State one application and one disadvantage of eddy currents.
[2]
(c) A solid aluminium plate is alowed to oscillate like a pendulum
between the poles of a magnet. Explain why the vane slows down
and stops after a very few swings. [2]

(d) Theplateisreplaced by one with slots cut acrossit. State and explain
what difference this would make to the oscillations. [2]

4. Abicyclewheel ismounted vertically on ametal axlein ahorizontal magnetic

field. Sliding contacts are made to the metal rim of thewheel and theaxle. The
wheel is set to rotate freely.

@ 0
(i) Statetwo waysinwhich thisemf could beincreased. [2]

Explain why an emf is generated between the contacts. [2]

(b) A small light bulb is connected between the contacts. State and explain
what you would
observe about:

(i) The light bulb [2]
(if) The rotation of the wheel [2]

(c) A second wheel is mounted in exactly the same way, at the same
orientation to the field and rotated at the same angular speed. The
emf measured is ¥4 that of the first wheel. What can you infer about
this wheel?

(3]

_—— .
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Exam Workshop ExaminersAnswers
This is a typical student’s answer to an exam question. The (a) The direction of an induced emf v is such as to oppose the change
comments explain what is wrong with the answers and how they producing it v’
can be improved. The examiner’s answer is given below. ) o )
, o ] (b)(i) The positive peak shows the emf induced as the magnet enters

(@) StateLenz'sLaw of electromagnetic induction.  [2] the coil v The rate of cutting flux increases as more of the
If awire cuts magnetic field lines, a current isinduced in the field enters the coil so the emf increases.v’ By LenZ's Law,
opposite direction. X 072 the current in the coil produces a magnetic field to try and

A currentonly flowswhenthereisacompletecircuit: itisanemf which repel the magnet v

isinduced. Oppositedirectionto yvhat?Theemf isin su_ch adlrect_l on (i) Asthe magnet begins to drop out of the coil the emf becomes
gsto oppose the mo_vement causing it; sounds long-winded but it is negativev’ Again by Lenzs Law, the current in the coil must
important to be precise. reverse to 'try’ and stop the magnet leaving the coil v/

(b) A magnetisdropped sothat it fallsvertically through a coil (iif) Since the magnet is accelerating under gravity, it is moving
of wire. An oscilloscope connected to the coil shows the faster asit leaves the coil. v Therate at which flux is cut is
emf induced in the coil: increased, so the emf, shown by the size of the negative peak,

is greater v/

emf

mv (iv) The magnet is moving faster as it falls out of the cail, the
duration of the negative peak is shorter than that of the positive

To peak v’

CRO timems
Answers to Questions
1 (@ e =Blvv [1]
(b) emf =Blv=52x10%x 15 x 200 v’
=016V Y (2]
Explain the following features of the trace: Remember to give the unit in the final answer
(i) The positive peak (3] 2. (@ Galvanometer pointer deflects as magnet movesin v/
The emf goes up as the magnet goes into the coil v*  1/3 Returns to zero as magnet stops v/
Not enough information for three marks—expl anation needed Deflectsin opposite direction
same magnitude as magnet removed v* [4]
(i) The negative peak [2] (b)  Solenoid cutsthe flux of the magnet v/
The emf goes down as the magnet goes out of the other end Induces emf across solencid, producing current in galvanometer v
f th i 02 When magnet stops, rate of cutting flux is zero, emf falsto zero v/
of thecal X When magnet removed, emf isreversed (Lenz'sLaw) v/
e . . . . . Samerate of cutting flux so magnitude of emf isthesame v/ [5]
It do.es.n t'go down’ —it !ncreases inthe qther dlre_ctl_on. A n_egat_lve () Thedeflection of the galvanometer will be greater in each
emf isinduced. Moredetail needed to explainwhy itisinthisdirection direction v
(Lenz'slaw again —the emf opposesthe motion causing it, inthiscase Flux isbeing cut at afaster rate v/ 2]
it he magnet | eaving the coil
Opposesthe magnet leaving the coil) 3 (@ Currentsinduced v in apiece of metal dueto changing flux or movement
) ) through amagnetic field v/
(iii) The relative magnitudes of the two peaks [2] Eddy currents circulate around paths of least resistance in metal v'[3]
The negative peak is bigger than the positive peak v 1/2 (b)  Eddy currents can be large and cause the metal to become hot.
- - Application: inductive heating e.g. for melting metals v/
Correct, but an expl.anatlon.n%dedfor themarks—notethat thequest! on Disadvantage: energy lass i core of wound components
asks you to explain, not just describe what happens. The negative e.g. transformers v 2]
peak isbi gger becaugethe magnet ismoving faster by this stage (since (©  Kinetic energy of pendulum is converted into heat energy v/
itisaccelerating asit falls) by eddy currents induced in the plate. Energy loss causes
pendulum to slow down v [2]
(iv) Theduration in time of the two peaks [1] (d) Oscillationslast for longer time v/
The negative peak goes on for less time than the positive Eddy currents are smaller due to dotsincreasing resistance, so thereis
peak X less energy lossv’ [2]
- - - - - 4. (@ () Thespokesofthewheel cut magnetic flux v/
Explanation needed again —t_hls, too, isbecause of the accel eratl_ on _of Thisinduces an emf across each spoke, i.e. between the hub and
the magnet ungler gravity. Itisvery easy to b_efool ed by aquestionin therim v/ 12
onetopic (in this case, electromagnetic induction) which suddenly asks (i) Speed of rotation increase the strength of the field,
for an answer which seemsto comefrom an earlier (and often easier!) makeswheel and field more perpendiclar (if not already so).
topic. Don't be afraid to think ‘outside the box’. Physics (like life, (any two) v'v/ [2
[2
(i) Thewheel would slow down v" as energy istransferred to heat and
light in the bulb v/ [2
Acknowledgements:
This Physics Factsheet was researched and written by Keith Penn (c) Since emf is ¥4, the rate of cutting flux must be ¥ that of the first
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wheel v Thisis B x area swept out per second v B and rate of
rotation are the same, so area of overlap of wheel and field wheel
must be Yz i.e. radius is halved v/ [3]
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Graphical work with Electromagnetic Inductmn

To revise our ideas on electromagnetic induction look at Fig 1,
showing a bar magnet and a coil connected to an oscilloscope (to
display potential differences). As the coil is moved (at constant speed)
horizontally to the left, a trace is displayed showing that an e.m.f. is
induced in the coil. This e.m.f. is usually denoted by the letter & . It
arises due to the relative motion between the coil and the magnetic
flux.

Fig 1

The coil is moved
horizontally to the
LEFT

There are two ways to look at this :-

(i) as the coil moves through positions 1,2 and 3 it cuts the lines of
Slux.

(i) as the coil moves, it has a changing amount of flux threading the
coil.

h It is this change in flux that is most important.

You might have to use either of these two ideas.

Faraday’s Law says ‘the induced e.m.f. is equal to the rate of change
of flux’.

AD

The equation used is € =—-—

where @ is the amount of flux (measured in webers).

Exam Hint:- You should be able to use Faraday’s law to explain
how the size of the emf depends on the rate of change of flux.

In a way you can say that the size of the e.m.f. depends on the relative
speed between the magnet and coil providing that lines of flux are cut.

Now imagine the coil at position 5.

(i) Moving through position 5, the coil does not cut any flux.
We conclude that there is no induced e.m.f. (at position 5)

(ii) Or, there is flux threading the coil but this flux is not changing at
position 5.

Again we conclude that there is no induced e.m.f. (at position 5)

Fig 2 shows the trace on the oscilloscope as the coil moves from
position 1 through to 5.

Fig. 2

emf (&) [ HH

time

Qul.

Now complete the trace as the coil passes completely over the magnet.

Qu 2,

On Fig 3, show the trace you would expect to obtain if the coil moved
TWICE as fast across themagnet. (The original trace is shown to help
you,) HINT -remember thatifthespeedis doubled then therateof change
of flux is doubled, what effect will this have on the induced em.f, ?

Fig. 3

emf (&) i

time

' h When the speed changes,
the emf changes,

the shape of the pulse changes,
and the separation between the pulses changes.

*
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Lenz’s Law tells us that the direction of the induced e.m.f. (and current)
is always in such a direction as to oppose the change producing it.

Fig4

A north and south
attracts, the motion is
opposed

Two norths repel, again
the motion is opposed

Look atFig4. It shows the induced current in the coil and how it makes’

the coil behave like a small bar magnet. In both cases the induced
current is in a direction to oppose the motion producing it.

AD
At
It means that in the two questions you did in Fig 2 and Fig 3, the second

‘blip’ of e.m.f. is negative and should be below the horizontal line (time
axis).

This is the reason for the minus sign in the equation . g = —

Exarn Hint:- You should be able to use Lenz's law to explain
- why two emfs similar to this are in opposite directions.
I

Qu 3.

Fig 5 shows a long bar magnet about to be dropped through a fixed
coil. Think about how the magnet falls vertically and that it is ‘long’.
Draw a sketch of the trace you would expect.

Fig 5.

emf (€)

time

Qu 4.
Fig 6. shows the rotating coil of a generator between the poles of a
magnet together with the emf output.
v EMF c'Jutput

™\ S

N s R

rotation of coil at speed V

The speed of rotation is doubled from V to2V.
Which of the options A, B, C or D best shows the new output?

R

Exam Hint:- There are two changes here. You may spot one but
" the examiner is looking for two.

Qu 5

Fig 7. shows a rotating axle whose speed of rotation is to be found.
Four magnets are sunk into the axle as shown and each in its. turn
sweeps past a coil connected to an oscilloscope.The emf induced is

recorded as shown in Fig 8.
. Rotating axle
Fig 7

} Coil 400 turns

(@) (i) From Fig 8, find the time for one quarter of a revolution and
(i) find the number of revolutions made in one minute.
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(b) () Use Faraday’s law to explain how the voltage pulses are
produced.
(i) The coil has 400 turns. Calculate the maximum rate of change
of flux through the coil.
(c) The speed of rotation is now increased by 50%. On figure 9, sketch
the new trace you would expect to see. (The original trace is shown
to help you)

Fig 9

So, from O to A and B to C, the slope is constant and positive meaning
that the emf is constant (and negative). From A to B, the slope is
constant (and negative) giving a constant (positive) emf.

This is shown in Fig 12.

h Although you could be asked to do a calculation for
frequency or maximum emf, you should concentrate on the shape
of the waveform.

Time-base = 10ms cm™
y amplifier = SmV cm™

| Exarn Hint:- Examiners want you to understand graphs like
this and make predictions when changes ( like speed ) are made.

We don’t always need a permanent magnet moving relative to a coil.
We can produce a magnetic field by sending a current through a coil
(called a solenoid). Switching the current on and off will give the
necessary change of flux to produce an emf .

Another way of changing the flux is to change the current in a
solenoid as shown in Fig 10.

The signal generator doesn’t just change the frequency, it can change
the waveform as well.

Fig 10
signal generator
O RN

QO

Fig 11 shows a triangular waveform for the flux ¢. We have to find the
emfe inthe small coil.

Flux ¢ A C
0 £

B
Always remember that on a ¢-t graph, the slope (or gradient) is

Ap

%‘p— and because we know that €= e it means that the induced

Questions 6 and 7:

The diagrams show two different wave forms of flux ¢ against time t.
For each one, decide which option A B C or D best shows the emf €
against time t.

Quo
¢
t
<V
E &
b5} g '
A t B
5} tﬂ) "
C D
Qu7

& [5) \ \ /\
G\ E \ \ \
t / AR\
AV / \l 4 A
% /! N %
t N t
% D

emf is (-1) X the gradient on a ¢ - t graph. a
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" Examz Hint:- Sometimes examiners will ask for the magnitude of § Qu?2

the ernf, that is the size of the emf with no regard to its sign. '
emfe o : The coil moves at
Fig 16 clearly shows the difference between the emf and the magnitude WY N twice the speed so
of the emf. | l‘" 4 e each pulse height is
fHA doubled. The. time is
Fig 16 AN halved so each
] e e L pulse width is
variation ) ] halved and two
'of flux : pulses take the
with time \ - same time as one of
R} ¢ 9
B> 1 the ‘slower’ pulses.
{ ._[._, 1 M
i . :
t
Qu3
variation emfe
of emf
emfe with time
7
'II
t - N /
\
‘it
1
‘ variation =
emfe : of . .
itud The magnet accelerates from rest. The south enters the coil slowly
g}af;lf ©  and the north leaves more quickly. This makes the first ‘pulse’ of
with time smaller height but a ‘longer’ base.
(Because flux at each pole is the same in quantity, you may like to
t show that the area of each ‘pulse’ is the same.)
Qu4
Answers Option B is correct.
Qul Because the speed of rotation is doubled the maximum emf is doubled.
‘ Also, the frequency is doubled meaning the time period is halved. Two
< complete oscillations now occur in the time taken earlier by one.
emfe -\ Qus
\ (a) () From the graph, a quarter revolution takes 6cm at 10ms cm.
So-time for ¥4 revolution = 60 ms
= N (i) Time for one revolution is 60ms X 4 = 240ms = 0.24s. One minute
i 3 5 6. 17, is 60s, so the number of revolutions in one minute is 60/0.24 =
N 250rpm
(b) (i) Maximumemfis 2cmat 5SmV cm ie 10mV. Coil has N=400 turns
\\ 1 SO use
/ - _A_@ 3 A‘E __A_gb_ =2, ne -1
NxAt 10x 10 4OOXAt A 2.5 x 10° Whs
The maximum emf

increases by 50% (2cm
to 3 cm). The time
between pulses is
reduced by one third

i from 6¢m to 4em. ( The
width of each pulse is
also reduced but
difficult to display!!)

Because the coil is moving at the same speed, the pulse is of the
same width and ‘height’. It is inverted because of the opposite
polarity ( first a north then a south).

Acknowledgements: Time-base = 10ms cm*

This Physics Factsheet was researched and written by Keith Cooper y amplifjer =5mV cm’?!
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Transformers

A transformer changes (or transforms) voltages which are alternating. Fig 1
shows the elements ofa transformer; two separate coils wound on a soft iron
core. One coil, the input or primary, is fed with an alternating potential
difference. The other coil, the output or secondary, supplies an alternating
potential difference of greater or smaller value. There is no direct electrical
connection between the two coils, so how does electricity get from one coil
to the other? The answer lies in the magnetic field that both coils share.

Fig1. Transformer

We shall show later that the ratio of the turns is the same as the ratio of the
voltages.

P

NS
N p

where: N, = number of turns on secondary
_ = number of turns on primary
voltage on secondary

voltage on primary

VV
Vp

NLSL=
1]

output or 'secondary’

input or 'primary’

Fig 2 shows a simplified transformer diagram with lines of flux passing
through both coils. When there is an alternating current in the primary coil,
the flux produced is also alternating and this changing flux also passes
through the secondary coil. Recall what you have learnt about induced
emfs and the rate of change of flux; apply this to the secondary coil:-
‘Because there is always flux changing in the secondary, there is always an
(alternating) emf induced in it.”

Fig 2 Simplified transformer

Secondary]
N, turns ——Lines of flux
. fe—
Laminated
iron core
(]
Primary
N turns
" o— 5 F
Turns and turns ratio

The number of turns on each coil is important; this information enables us
to calculate the output or secondary voltage.

If the number of turns on the primary and secondary are denoted by N and
N, then three cases arise. (i) N, = Np (ii) N> Np and (iii) N, < Np.

(i) ItN = N, then the alternating voltage induced in the secondary equals
the alternating voltage applied to the primary. ie V, = v, .(this is arare
use of transformers)

(i) If N> N, then the alternating voltage induced in the secondary is greater
than the alternating voltage applied to the primary. ie V, > V,.In this
case where the pd is increased, the transformer is described as being
‘step up’

(i) If N < N, then the alternating voltage induced in the secondary is less
than the alternating voltage applied to the primary. ie V, < V,.Here the
voltage is reduced and the transformer is described as ‘step down’.

N
h The ratio T is called the turns ratio. I
P

When the turns ratio is greater than one we have a step up transformer;
if less than one it is a step down transformer.

Example 1. A mains transformer accepts 240 volts and has a turns ratio
of % There are 6000 turns on the primary.

turns ratio 20:1

240V V

N =6000 N,

Calculate (i) the number of turns on the secondary
(ii) the secondary voltage.

(i) turns ratio ZT
I __N
20 6000
_ 6000
N, =70 =300
N
(ll) N_ 74
P P
300 _ Y,
6000 240
_ 300
K—240x—6000
V=12V

s

This is an example of a step down transformer. The secondary voltage
has been reduced because there are fewer turns on the secondary coil.

Both the primary and secondary voltages are always alternating.
In studying ac voltages a distinction is drawn between root mean
square (r.m.s) values and peak values. In almost all transformer
questions we use r.m.s values and this should be assumed unless
otherwise stated. In this question the 240V and 12V are both r.m.s.
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Power and Energy

The main reason for using r.m.s values is to enable us to do power
calculations. Your early studies of electricity were using direct current (dc)
where you used three equations for power:-

»

)
P=FXR R

P=VxI
The same equations can be used with ac providing we use r.m.s values for
current [ and voltage V.

Now think of a transformer as a sort of machine. Energy is fed in at the
primary and taken out at the secondary. The question is ‘how efficient is a
transformer?’ The good news is that they are almost 100% efficient and
this makes calculations easy.

Example 2. A transformer is connected to a lamp rated at 12V and 24 W.
Calculate (i) the secondary current I_and (ii) the primary current I,

1

4

1

s

24w

240V
12v

(i) at the secondary,

P=V, xI,
24=12x1I
1,=24

(ii) We now take the transformer to be 100% efficient. That is, if 24 watts
are taken from the secondary, 24 watts are supplied to the primary.
N.B. the 24 watts at the primary are supplied at a high voltage of
240V,

At the primary,
P=V xI

p T p
24 =240 XIp
] = 4
240

[=014

Notice what has happened here, the secondary voltage has gone down
but the secondary current has gone up. So, at 100% efficiency, there are
no power losses,the primary power equals the secondary power.

h At 100% efficiency where: V, = voltage on primary
I, = current on primary
V_=voltage on secondary

I = current on secondary

VxI =V xI
XA, = VXL

In this example, the value of primary current is only one twentieth that of
the secondary.

Of the two coils, which do you think will have the thinnest wire, the
primary or the secondary?

Exam Hint: In transformer calculations, remember that the currents
are determined by the load in the secondary.
1t is a good idea to look first at the secondary and then the primary.

Transmission of electrical energy

One of the mostimportant uses of transformers is to distribute energy from
power stations to the consumer. To illustrate how this works we will
compare two cases: (i) without a transformer and (ii) with a transformer.
Suppose the generator develops 100 000 W at 5000 V.

(i) Without a transformer:

P =VxI
P
v

;- 100,000

5000

I =20A

Suppose further that the total cable resistance is 20 €. This resistance
will dissipate the usual Joule heating (I*R).

P=PXR
P=202x20
P =8000 W

This energy is lost into the atmosphere

8000 W

(i) With a transformer:

A better way is to use a step up transformer at the generator and a
(similar) step down transformer at the consumer.

generator

5000V Cable resistance 20 Q

1:10

30w 01
\_p w

Cable resistance 20 Q

generator
5000 V

&

If the transformer at the generator has a turns ratio of 1:10, the
secondary voltage willbe 50 000V. From equation 2, the secondary
current is now 20 + 10 =2.0 A. This much smaller current is in the
same cables of resistance 20 Q. The power dissipated is calculated as
before.

P=FXxR

P=22x20

P=80W

This is only 1% of the former value! To complete the process, a step
down transformer close to the consumer brings the voltage down to
the original 5000 V.

h Heat losses in a resistor depend on (current)’ .

So if the current is reduced by a factor of 10, then the losses are reduced
by a factor of (10)? - the heat loss is small when the current is small.
In transformers a small current appears with a high voltage.

This is the reason for using pylons carrying cables at 132000 volts or
more.
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Transformer theory
The transformer below has the primary connected to an ac supply
of 240 volts, the secondary is not connected.

N_ turns open circuit

N_turnsg—=
14

(i) What is the secondary current 1 ?
and , remembering that it is connected to 240 V,
(ii) what is the current in the primary IP?

The answer to part (i) is simple;
even if there is an induced emf, there isn't a complete circuit and so the
current I is zero.

In part (ii) we see 240 volts connected to some turns of copper wire the
resistance of which is a few ohms. A low resistance should lead to a large
current. The amazing thing is that the current 1 is very small and in
many cases is neglected altogether. To understand why this is so we must
use Faraday s law of electro-magnetic induction.

h Faraday’s law of electro-magnetic induction
If there is a changing flux threading a coil of N turns,

the induced emf'is given by e = —N ><ﬂ

dt
0
d
N turns s € e=-N><d—?
0

Inwhat follows, the minus sign is not important and is omitted for simplicity.

The secondary with N_ turns is threaded by an alternating flux ¢ and this
gives us the useful secondary voltage V.

d
In this case, VS = NS X 4 equation 3

dr
Do not forget that the same flux threads the primary ofN[ S turns.

The induced emf'is N x ?
t

There are now two sources of p.d. in the primary, the applied p.d. v,
a¢

and the induced emf, Np XE

Because the primary current is practically zero, this emf'is balanced by
the applied voltage v,

. d¢ .
ie Vp = Np X equation 4

Dividing equation 3 by equation 4 gives:

Lossesin a transformer
The small losses that occur in a transformer arise from several causes:

*  Flux losses - This happens when some lines of flux from the primary
do not thread the secondary. From the shape of the core in fig 1 and 2
you can see that this loss is very small.

» Copper losses - This is the usual Joule heating ( I’R) that occurs in
the copper coils having resistance R. To reduce this energy loss the
resistance has to be reduced by using thicker wire. There is an economic
choice here, the cost of thicker wire or heat loss.

* TIron losses - There are two types.

(a) Hysteresis losses - This is because energy is constantly being
used to magnetise and demagnetise the iron core as the current
alternates. It is reduced by using ‘soft’ iron in the core. ‘Soft’
means magnetically soft, easy to magnetise and demagnetise.

(b) Eddy current losses - The diagram below shows a solid iron core

without a secondary.

il

The alternating flux will induce currents in the iron core itself.
These are called ‘eddy currents.’ If the core is in the form of a
solid chunk of iron, the resistance offered will be very small and
large currents will flow. To prevent this large loss of energy, the
core is made from many thin sheets (laminae) each insulated
from each other. You will see ‘soft iron laminations’ in other
components where a.c. is used

Efficiency
Although transformers are close to 100% efficient, we may have to use
the equation for efficiency to get a realistic value for current in the
secondary.

As a rule, when calculating efficiency we always use energy or power.
The efficiency of any device is given by:

power output

efficiency = power input

For a transformer, the equation becomes:

| g

V xI
efficiency = VS » ]"'

P

x 100%

Exam Hint:

1. Remember effciency cannot be greater than 100% - if you find a
value that seems to be, go back and check

2. You must use power (or energy) in the efficiency equation, not
voltage or current.
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This is a typical poor student’s answer to an exam question. The comments
explain what is wrong with the answers and how they can be improved.
The examiner's mark scheme is given below.

A transformer has a primary of 2400 turns and a secondary of 120
turns. The secondary has a load of 4 Q and the primary is connected
to 240 volts a.c.

N =200
P

240V

For the first part of this question you may assume the transformer
to be 100% efficient. Calculate:

(i) the turns ratio

2400

120

turns ratio =

The candidate is almost right.
N 120 1

The turns ratio :Np =520 =20

(ii) the secondary voltage

20 V. 120 B
2400 =240~ x 240=V,

= v
2400 v.=12v

s

Full marks. The candidate has correctly recognised that the ratio of
the turns is the corresponding ratio of the voltages. The calculation
is correct.

(iii)the secondary current

I:l I=£/ I=3A

R 4

Correct calculation and unit for current

(iv) the secondary power v
power =volts xamps = 12x3 =36 W

Correct calculation and unit for power

(v) the primary current

%
primary current =7€E = 2%0 =604 %

This is incorrect, the candidate has used the primary voltage (240V)
with resistance R = 4 Q in the secondary

Examiner's Answers

o t._N‘,_]ZO_]_
(i) turns ratio = Tp 3400~ 20
" VN
(i) voltage ratio = v —Np =50
Voo 1
200 20
1
V. =240x55 V=12V
(iii) secondary current = %= 14i =34

(iv) secondary power =V xI =12 x3 =36 W
(v) to find the primary current, assume 100% efficiency
96 36 W

V x1
efficiency=—"—+x100% —— = ————
V x Ip 100 primary power

36 x 100
96

P

primary power = =375W

Typical Exam Question
The figure below shows a demonstration transformer made from
two joined soft iron C-cores.

12 turns
U)_
E=—
28— .
iy —core join
O —
e Q—

soft iron
C-core

The primary coil is commercially made and consists of 960 turns.
A student winds a ‘loose’ coil of 12 turns on the other limb of the
transformer. An alternating supply of 240 volts is connected to the primary.

(i) What voltage would you expect at the secondary ?

(ii) If a3V bulb is connected to the secondary would the bulb light
normally?

(iii) Will the brightness of the bulb be affected by the fact that the
secondary coil is not closely wound on the core? Explain your
answer.

(iv) The secondary is now moved up and down on the core. How, if
at all, will the brightness change now? Explain your answer.

(v) The bulb is rated at 1.2W and is at normal brightness.
Calculate the secondary and primary currents in the
transformer.

(vi) The place where the two C- cores join is now opened up slightly
so that there is a small air gap between the cores. How, if at all,
will the brightness change now?

Explain your answer.

Answers
@ v, N,
Vp N 4

12 v _
960 = 240 = V. =3V

(ii) The bulb is supplied with the correct voltage and will light normally.

(iii) If the turns of the secondary aren t close fitting to themselves or the
core the brightness is not affected. This is because the same amount of
(changing) flux links the coil giving the same induced emf.

(iv) No change in brightness. Same reason as (iii).

(v) Starting at the secondary,
power = volts X amps
12 =3xI
I =044

At the primary, we assume 100% efficiency so the same power is
delivered at 240V.
power = volts X amps
1.2 =240 X]p
I, =044

(vi) When there is a small air gap between the two iron cores, the flux
linking the coils will be reduced .This reduction leads to a reduced
emfin the secondary and the bulb s brightness will be much reduced.

_
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Practice Questions
1. The diagram below show a heater that is supplied by long leads having
a total resistance of 4Q.

2Q
> >
g 320
g _

The heater is to work off 12volts and consumes 24 watts. Calculate:
(1) the current the heater is designed to take,
(ii) the resistance of the heater,
(iii) the current when the heater is fed by the leads with resistance 4Q2
as in Fig A
(iv) the power wasted in the leads.

Heater
12V 24 W

An alternative situation is shown below where a second transformer is

used. 2Q
>§ %
()
F
o

>
S
g 20

This transformer is assumed to be 100% efficient and supplies
volts to the heater. Calculate:

Heater
12V 24 W

N

—

240V

=

(v) the current in the heater
(vi) the current in the leads
(vii) the power wasted in the leads.

2. (a) The transformer shown has two terminals X and Y close together
(“primary tappings’). When will the secondary voltage V be greatest,
using terminal X or Y ?

Give a reason for your answer.

X IV

(b) The transformer now shows the secondary with tappings at
terminals a and b.

%
a
24OVac(§ X %g b v

Which pair of terminals gives:
(1) the greatest output voltage?
(ii) the least output voltage?

240V ac

3. The transformer shown has a primary of 1200 turns connected to an
alternating supply of 240V. There are two separate secondaries. The
secondary between terminals a and b has 45 turns.

a
. E
=
£ lbe o
240V Z < b
(=
2

(1) What is the voltage betweenaand b ?

(i) The secondary between ¢ and d is to supply 3V, how many turns
will be required?

(iii) How should the secondaries be connected to supply 12V?

(iv) How should the secondaries be connected to supply 6V?

4. A college building is to be supplied with 120 kW of power through
cable having a total resistance of 0.1€2. When the voltage at the college
end is 240V calculate:

(i) the current in the cable
(ii) the heat loss in the cable.

An inspector suggests supplying the college with 10 000V. When this

is done calculate:

(iii) the new current in the cable

(iv) the new heat loss in the cable.

(v) Giveasketch showing how this can be achieved using transformers.
Will they be step up or step down? What will be the turns ratio?

5. A transformer with an efficiency of 90% is designed to operate from
20V and supply electrical energy at 240V.
(1) Is the transformer step up or step down?
(if) What is the turns ratio?
(iii) A 240V lamp rated at 100W is connected to the secondary of the
transformer. What will be the current in the primary ?

6. Astepdown transformeris used to operate alow voltage lamp in the usual
way. Consider what would happen if the insulation between the soft iron
laminations started to breakdown. What changes would occur in
(1) the transformer core ?

(ii) the secondary current?
(iii) the primary current?

Answers
1. (i) I=2A (i) R=6Q
(v)I=2A (asparti)

(iii)I=1.2A (iv) P=5.76W
(V)1 =0.1A (vi) P=0.04W

2. Inallcases V. =V x N,
g PN

P

(a) terminal X to make Np small.
(b) (i) terminals X and a to make Np small and N_large.
(i1) terminals Y and b to make Np large and N_small.

3. () V,=9V. (ii) N=15 turns.
(i) Add voltages, link b to c. 12V between a and d.
(iv) Subtract voltages, link b to d. 6V between a and c.

4. () I1=500A. (ii) 25kW (=20%) (i) [ = 12A.
(iv) 14.4W (negligible).
) _
24:1000 1000:24
generatori % {g

step up 24:1000, step down 1000:24 school

5. (1) stepup. (ii) Turns ratio = 12. (iii) 5.55A.

6. (i) Eddy currents in core which now gets hot.
(i1) secondary current unchanged.
(iil) primary current increases to supply extra energy now being dissipated
in the core.
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Calculations — Charged Particles in Electric and Magnetic fields

The purpose of this Factsheet is to revise the basic principles of
forces on charged particles in electric and magnetic fields, to give
you familiarity with the type of questions asked at A level and to
give practice at carrying out calculations.

As well as studying this Factsheet, you may find the following

Factsheets helpful:

« Factsheet 65 Storing energy (for the energy of a particle in an
electric field)

« Factsheet 63 Projectiles (for the motion of particles at right
angles to a field) .

* Factsheet 19 Circular Motion (for the basic ideas)

« Factsheet 33 Electric Field Strength and Potential (for the field
between parallel plates)

« Factsheet 57 Applications of Circular Motion (for the motion of
particles in magnetic fields)

* Factsheet 43 Circular Particle Accelerators (for applications of
magnetic fields to accelerate particles)

¢ Factsheet 38 Linear accelerators (for more details of this
application)

Electric fields
The field strength of an electric field (the force on a unit charge) is
given the symbol E, so the force F, on a charge ¢ will be E X ¢.

1 h F,= EXxq I

Parallel plate fields

A type of field frequently encountered is the field between parallel
plates with a potential difference between them. Examples occur in
dealing with capacitors (see Factsheet 29), accelerators ( Factsheet
38) and electron tubes e.g. television tubes.

Field between the plates of a capacitor

capacitor

Electric and magnetic fields used to accelerate the electrons and
direct the beam in a TV tube.

pixel\on screen
magnetic deflector
\ elgctron gun,

|

undirected, unfocused

electrons
electron beams

N\ b T

For a uniform field (such as that between 2 parallel plates) the field
strength E is given by V/d, where V is the potential difference
between the plates and d the distance between the plates, so the
force on the charge is F =Eq=Vq/d

For a charged particle in a uniform field:

Particle travelling at right angles to the field

If a charged particle of mass m, with charge +q enters the field at
right angles to the field lines with speed v, it will experience a force
at right angles to its motion. Thus, just like a projectile in the
Earth’s gravitational field, it will carry on at steady speed in the
forward direction, but experience an acceleration in the direction at
right angles. This will cause it to describe a parabolic path.

+V | acceleration
————— E_Vq
0 m  m

> gteedy speed

Worked example

An alpha particle enters the field between parallel plates 5mum apart; the

bottom of which is held at OV, while the top plate is at 300V.

a) Draw adiagram to show the path of the alpha particle through the
plates.

acceleration

+V
————— l F=4
0 d

e3> steedy speed

Since the alpha particle is positively charged the force is away from
the positive plate.
b) Calculate the force on the alpha particle.
Charge on electron = 1.6 x107°C Force vertically = Vg/d
The alpha particle has a positive charge of twice that of the electron,
so the force is 300 x 3.2 x 107 0.005= 1.92 x 10°"N
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Question

a) Calculate the vertical acceleration on an electron which enters
parallel plates, 10cm long, separated by 5mm with a P.D of
500V across them, along the central horizontal axis.

b) Calculate how long it would take the electron to traverse the
2.5mm to the positive plate.

c) Show that if the electron enters the plates at 300ms, it will not
emerge from the plates, but will collide with the positive plate
first.

M, =9.11 x10°kg
0 = 16 x107C

e

Answers
LY
a) F-d

Vg 3500 x1.6 xI10"
md ~ 9.11 x10¥x0.005

so acceleration = = 1.76 x 10" ms~®

b) s=ut + ¥ af
where u = 0 (vertically), a = 1.76 x 10ms? and s = 0.0025m
X 0.
F= 5———_—.760x0]05’f = 2.84 x 10°"°
t =53x10"%
c) Horizontally the electron travels at steady speed, so the time
taken to go though the plates would be:
0.1
=300 = 3.33x 107
This is much longer than the time taken to arrive at the positive
plate, so the electron will hit the plate rather than emerging
from between the plates.

t

Particle travelling parallel to the field

Thermionic | |
emission l

0 3KV

Electrons can be emitted from an electrode heated by a 6V heater —
this is thermionic emission. If a parallel plate is maintained at a
positive potential of 3kV, then the electrons will experience a force
gqV/d, which can accelerate the electrons through a hole towards
the positive plate.

The energy, in Joules, gained by an electron can be calculated from
force X distance and this energy will be as K.E. of the electron.
K.E. gained = (qV/d) x d

= qV = 1.6x10¥x3x10° = 4.8x101¢]

hFor a charge accelerated through a P.D. of V, then the K.E.
gained is given by: K.E. = qV

If the particle is an electron, then the charge is e (1.6 x 10 C), so
K.E. gained in J is e X V. To avoid having to multiply by the factor
of 1.6 x 10 all the time, a new unit is introduced called
eV(electronvolt). Energy in eV is the energy gained by an electron
when it is accelerated through a P.D. of 1V.

e The energy unit eV (electronvolr) is the energy gained by
an electron when accelerated through a P.D. of 1V.
o JeV= 161077

This principle is used in particle accelerators.

The speed of the electron can be calculated from K.E. = ¥4 m v*

“mv? = eV
vP=2xexV/m
v = sqrt 2eV/m

Worked example

An electron is accelerated through a P.D. of 5kV
a) What is its increase in K.E. in eV?

b) Calculate the K.E. in Joules.

¢) Calculate the speed of the electron.

Answers
a) K.E = 5keV
b) M = 9.11 x10%kg
KE =5x100x1.6 x107" =8 x107¢)
c) emv? = 8 x 10797
So v = 16 x 1018
9.11 x10%
v =419 x 10Pms”!

= 1.76 x 107

Electrons at the speed of light?
A problem may have occurred to you — that if the P.D. is big enough,
then an electron should end up travelling faster than the speed of

" light. This is impossible, so what is the explanation for this dilemma?

The explanation is that, although the K.E. does keep increasing, the
speed does not; instead, the mass increases. This is known as
relativistic increase in mass.

Question

a) Calculate the P.D. through which an electron would have to
be accelerated to achieve the speed of light.

b) Explain what happens as the speed of the electron approaches
the speed of light.
M = 9.11 x107kg

e=16 x1007°C
Answers
a) Yomv? = eV
Forv=3x10°

B x9.1Ix107x9 x 10" =
9.11x 10%x 9 x 10’8
1.6 x10°7°
b) The K.E. of the electron increases as per the equation
¥ i = eV, but ir is the mass which increases not the speed.

1.6 X107 xV
= 256 kV

V=14¥x

Magnetic Fields

If a charged particle enters a magnetic field at right angles to the
field lines, it will experience a force at right angles to the field lines
and at right angles to its velocity, thus the particle will describe a
circular path. The magnetic force will provide the centripetal force.

X X X

X X X  magneticfield linesinto
the plane of the

% | ->X x plane paper

X X X

This is for a stream of negative particles, for positive particles
the path would curve in the opposite direction

The magnetic force on a particle of charge g, in a field of strength B
with speed v is Bgv
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h Magnetic force = Bqv

The centripetal force required for a particle of mass m, at a speed v,
to describe a circle of radius r is mv/r.

. m
Centripetal force = -

The magnetic force Bgv, provides mv*/r, so:

So the radius of the circle described by the particle depends on the
B field, the charge on the particle, its mass and the speed at which it
enters the field.

h A particle entering a magnetic field at right angles to the
field lines, describes a circular path of radius r, where

This concept is used in the Mass Spectrometer, used to separate
isotopes of a gaseous element. Ions of the element will each have
the same charge and velocity entering a given B field, so the radii of
the paths they describe will be proportional to their masses.

Question
A hydrogen ion enters a magnetic field of strength 0.8 T, with its
field lines into the plane of the paper as shown.

X X X magnetic field lines into
X X X theplane of the paper
5 X X X

X X X

a) Complete the diagram to show the path of the electron.

b) Calculate the time taken to complete a semi-circular path.
Mass proton = 1.66 x 107kg
Charge on electron = 1.6 x 10°°C

Answers
a) Since the hydrogen ion is positively charged its path is:
X X
X X X magnetic field lines into
the plane of the paper
X X
X X X

b) Time taken is half of the fime period for circular motion.
Time =rm/®
W = v/r, so time = wr/v, and r/v = m/Bq
mr 166 x107x 3.14

LA LOY A et 8
Hme—-Bq = 08 x16%10" 4.07 x 10%s

Exam Workshop

This is a typical poor student’s answer to an exam question. The
comments explain what is wrong with the answers and how they
can be improved. The examiner’s mark scheme is given below.

a) A mass spectrogram is used to separate hydrogen ions from
those of deuterium (H) and tritium (/H). First the particles
are accelerated through a P.D. of 5kV. Calculate the speeds
of the particles. @)
Mass proton = 1.66 x 167kg
Charge on electron = 1.6 x 107°C

KE=%"Ym’ ¥m? = 5x10FeV
. 2X5xI10P ;
Vo= e 07 6.02 x 108

v = 7.76 x 10ms”’ 1/4

The candidate has used the correct concept of the K.E.
(Y2 mv?) deriving from the energy of the electric field, but has
not used the energy in Joules (by multiplying by 1.6 x 10').
S/he has also failed to realize that each isotope has a different
mass and would therefore be accelerated to a different speed.
The candidate should also have noticed that this speed cannot
be correct as it is far greater than the speed of light.

b) The ions enter a magnetic field of 0.7T. Calculate the radius
of the orbit of the tritium ions. 3)
P4

Be

27 15

The candidate has used the incorrect velocity from part a) but
has not been penalized (error carried forward — ecf), however
s/he has used the mass for hydrogen not tritium. Again the
candidate should have noticed that this is a ridiculous answer
and checked his/her work.

Examiner’s Answers

a) Y2amv? = 1.6 x 10" x 5x 10
For hydrogen

, _2x5x10Px16x10"

Vs S = 9.64 % 10"
v=0.82x10°
For deuterium v=482x10"; v =694x10°
For tritium v2=321x10" ; v =3567x10°
mv
b) r =BRe
_ 3x1.66 x 1077 X 5.67 x 10°
- 0.7x1.6x10%
= 2.52cm

You should now attempt the following typical exam question, to
check your retention and understanding of the concepts. Then
check your reponses against the answers given.
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Typical exam question

A cyclotron consists of two “Ds” — semicircular areas of magnetic field, connected by a high-frequency alternating supply. Charged
particles emerge from the centre and travel in a spiral path of approximately circular obits in each D. As they pass over the gap
between the Ds they experience a voltage of 6kV, which is always in such a direction as to accelerate the particles. In the diagram
the field is out of the plane of the paper so that positive particles will follow typical paths like the one shown.

source of
charge particles

a) Calculate the gain in KE. each time a proton passes across a gap.

b) Ifvoltage is to change direction at fixed intervals, then the time period for each circuit in the Ds must be independent of the speed
of the particle. Show that this is the case.

c) Show that the K.E. of a proton circulating at radius r is K.E. = B’¢r’/2m

d) Calculate how many times a proton will circulate before the radius of the orbit is 89.5 cm, if the B field is 0.5T.
Mass proton = 1.66 x 10-7kg
Charge on proton = 1.6 X 160°C

£6/ = Snqio fo uaqunu og

= M = o SSllISSO.lD O A2QUIHU O
98T T < 7cT a 1 f0 42q )
01X 99'[
5 x 7C - Z - .
[aOI X 8T = S 0T X OIS0 % 2

ulg680 = A .le
‘To-0 X 9°6 S15q 2y1 wp dvs yova 1 pouvsd Ty (p

uwy b g o = gy 240f249Y]
AAbg = 4 P wubg = aos abg = u/awm Auwy, =gy (2

‘apou4vd ay1 fo paads ay1 fo 1uapuadapur s1 porad awy ay1 ‘paxyf jjv a4v b puv g ‘w u 0118

bgru y = pouad awi] a.0fo.43Yy1
w/bg = 4/ 08
bg = waw  abg = /4w ALY =@/ AT X 5y = portad 2wl (q

[0l X 96 =0l X 9Xg QI X 9T = Axb= "TY (v
SIIMSUY
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- Particle

Physics

introduce particles and antiparticles

explain how particles are classified

introduce quarks

explain the use of the conservation laws for particle
interaction

describe the four fundamental interactions

introduce the particle-exchange description of forces.

1. Particles and antiparticles

You will already be familiar with subatomic particles such as protor
neutrons and electrons. These particles — and all the many o
subatomic particles that exist — hamatimatter counterparts called

antiparticles. Antiparticles have:

the same mass as the original particle

opposite charge to the original particle

opposite spin to the original particle

opposite values of baryon number, lepton number and strange
(see later)

The first anti-particle discovered was the anti-electroppsitron.
The positron is usually writteri e

Other antiparticles are written using the normal symbol for the partiq
but with a bar over it.
eg proton: p

electron neutrinov,

anti-protorp
anti-electron neutrinovg

Pair production

A particle — antiparticle pair can be produced by a high-energy phot
or by the collision between other particles. The photon must hg
sufficient energy to create the rest mass of the two particles — so

Glossary

Electron-volts (eV). Electron-volts are a unit of energy — the enefly
acquired by one electron when accelerated through a potdptial
difference of one volt.
= To find the energy in eV acquired by a particle acceleraled
through a potential difference, multiply its charge by the p.d.
= To convert electron-volts into joules, multiply by the charge pn
an electron (1.6 10'° C)
Rest mass The masses of subtatomic particles are always desciped
as their “rest mass” — in other words, their mass when they af at
rest - not moving. This is because Einstein's Special Thebry o
Relativity says that the mass of anything increases when § is
moving, and since these particles can move very fast, this incigase
can be quite substantial.
Rest energy The rest energy is linked to the rest mass via e
equation E = nf; where E is energy, m is mass and c is the spiee§i o
light. So rest energies can be converted to rest masses by dividing
by & Rest energies are usually measured in eV. Rest masse§ may
. eV .
accordingly be measured W5 -soa particle of rest energy 9
c
MeV would have rest mass 94-%'—2\/
c
Spin. Spin is an important property of subatomic particles. It cargbe

thought of as a bit like angular momentum. It can take values

O,i% ,il,ig,iZ...

energy must be at least twice the rest energy of each particle. If it %ﬁi’article Classification

greater energy than this, the surplus will become kinetic energy.

Example: The rest energy of the proton is 940 MeV.

All particles can be classified intbadrons and leptons Hadrons
experience the strong nuclear force (see later) and leptons do not.

So for a photon to produce a proton-antiproton pair, it must haveLeptons

energy at least 2940 MeV = 1880 MeV (or 1.88 GeV)

Tip: Make sure you learn your unit prefixes
M means 1,000,000 = £@so 1 MeV = 1,000,000 eV)
G means 1,000,000,000 =%(0 1 GeV = 1deV)

leptons are the lightest group of particles

they have spint’2

they are acted on by the weak nuclear force (see later)

they are fundamental particles (so cannot be subdivided further)
Leptons all havdepton number (L) +1. Their antiparticles have
lepton number1

All other particles have lepton number 0

Pair production may be observed in a cloud chamber (covered in a IatBe most familiar example of a lepton is takectron. Electrons are

Factsheet).

Pair annihilation
If a particle meets its antiparticle, they annihilate each otheduging

stable— they do not decajuons andtaus are also leptons — these are
not stable — they decay quite readily into other patrticles.

Each of the electron, muon and tau have a correspondingno (see

two photons. Photons have to be produced since energy and momerietnw). These have no charge or mass, and only interact very weakly

would not otherwise be conserved.

with matter — they are therefore very difficult to detect. Only electron
neutrinos exist in any numbers.

All six leptons described have amtiparticle, with opposite charge,
spin and lepton number.

Table 1 overleaf shows the six leptons and their antiparticles.
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Table 1. Leptons Mesons
= mesons have masses intermediate between leptons and baryons
Particle Symbol Charge Antiparticle = they have whole-number spin (@, +2 etc)
electron e -1 € = they arenot fundamental particles, but are composed of quarks (see
electron neutrino Ve 0 Ve later)
— — = All mesons are very short lived.
muon u -1 u
muon neutrino 0 v . .
Vi Vi Table 3. Mesons with spin 0.
tau T -1 T
tau neutrino Ve 0 v, Particle Symbol Charge Antiparticle
pion + I +1 o
pion 0 7’ 0 self
Hadrons kaon + K* +1 K
Hadrons are subdivided inbaryons andmesons kaon O K° 0 K
Baryons eta n 0 self
= baryons are the heaviest group of particles
» they have spi&% or+ % 3. Quarks

= There are six quarks altogether, and each has an antiquark.
= they arenot fundamental particles, but are composed of quarks (see Quarks experience the strong nuclear force

later) = Quarks are the constituent particles of hadrons.
= baryons all havédaryon number (B) +1 Their antiparticles have = They are considered to be fundamental particles.
baryon numbe#1. = Quarks have not been observed in isolation.

= All other particles — i.e. leptons and mesons- have baryon number 0 Quarks have baryon numb%r; antiquarks have baryon numbe%r )
Protons and neutrons are both baryons; all the baryons with spin + % are 1
shown in table 2 below. * Quarks have spin 2
= Quarks and antiquarks have lepton number 0
The only stablebaryon is theproton (it has a half-life of about 2 = Baryons are formed from 3 quarks.
years, so proton decays will be so rare as to be virtualiypservable) = Mesons are formed from a quark and an antiquark
All other baryons decay readily — most with very short lifetimes, such as
10" seconds - eventually producing protons. Table 4 shows the quarks and antiquarks. Only three of the six (up (u),
down (d) and strange (s)) are needed for AS-level. These three —
In particular, theneutron has a half-life of about 13 minutes when it istogether with their antiparticles — form the commonest hadrons. The
outside a nucleus. It decays tmg@uce a proton, an electron and an antiother three are very massive and can only be identified in very high
electron neutrino: energy particle accelerators.
nN>p+e+ v
Table 4. Quarks
Table 2. Spin ¥ baryons

Particle Symbol Charge Antiparticle

Particle Symbol Charge Antiparticle up u L2 T
proton p +1 P 3

neutron n 0 n down d - % d
lambda A° 0 A0 strange P 1 3
s?gma + =" +1 5- charm c 2 -
sigma 0 »? 0 50 3

sigma-— e -1 T+ top t +3 t

X0 =0 0 =0 bottom b -3 b

Xi — E- -1 =

Fig 1. A summary of particle classification

baryons ] Examples:
/ (3 quarks) protons, neutrons|

hadrons \

mesons > Examples:

particles (quark + antiquark pions, kaons
electrons, muons, taus

leptons L + their neutrinos

+ antiparticles
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Typical Exam Question
A particle accelerator accelerates protons through a potentiat) Find the total kinetic energy of the proton and antiproton before
difference of 1.8 GeV and makes them collide with antiproténs o they collide, giving your answer in GeV [1]
the same energy moving in the opposite direction. This collision 1.8 x1 = 1.8 GeV each patrticle

creates a proton-antiproton pair. S0 2x1.8 =3.6 GeV in totaV”
a) Write an equation for this process [1]
p+ p 2p+p+p+p v d) The rest energy of the proton is 940 MeV. State the rest energly
b) i) Give one similarity between a proton and an antiproton [1]  of the antiproton [1]
they have the same mass 940 MeVv”
i) Give two differences between protons and antiprotons [2]
they have opposite charges e) Calculate the total kinetic energy of the particles after the collision [2]
they have opposite sping Kinetic energy — energy to create particles
(or could have referred to baryon number) = 3.6 GeV — 2940 MeVv”

=3.6 GeV - 1.88GeV = 1.72 GeV

Strangeness 4. Particle interactions and conservation laws
A property calledstrangenesss needed to explain why some reactionsyou will have met conservation laws before, such as conservation of
cannot happen (see the section on conservation laws). energy and conservation of momentum. Particle interactions have their

own set of conservation laws.

= The strange quark has strangeness -1
= [ts antiquark,s , therefore has strangeness +1 In any interaction, the following are conserved:
= All other quarks, and all leptons, have strangeness 0 = energy

=  momentum

The strangeness of a hadron can be found by adding the strangenesses of charge

its constituent quarks. Table 5 shows some hadrons, their quark = spin

composition and their strangeness. = lepton number

= baryon number

Table 5. Quark composition and strangeness for selected hadrons
In any interaction involving the strong force,

Particle Quarks contained Strangeness = strangeness must be conserved
proton uud 0
neutron udd 0 _ o
pion 5 0 These conservation laws enable us to tell whethergbssiblefor an

ud . ; .

= interaction to take place — they dot tell us that ithasto happen

kaon 0 ds +1
kaon + us +1 To use these laws to tell whether an interaction takes place, you work
sigma + uus -1 out the total charge , total lepton number, total baryon number, total spin

and total strangeness on each side of the arrow. If these totals are th
same on both sides, the interaction is possible.
B~ and B* decay in terms of quarks
In B~ decay, a neutron decays toqauce a proton, an electron and anExample 1. Show thaFf decay does not violate any conservation laws
anti-electron neutrino according to the equation:

n>p+e+vg n > p + e+ Ty
charge 0 +1 -1 0 total =0
Written in terms of quarks, this becomes: lepton number 0 0 1 -1 total = 0
udd-> uud + € + v, baryon number 1 1 0 0 total = 1
. 1 1 1 1 1
spin = = = -= total ==
2 2 2 2 2

Or, concentrating on the actual changes:

d>u+e+v, strangeness 0 0 0 0 total =0

Since the totals are the same on each side for each, the interaction doe:
In B* decay, a proton decays to @duce a positron and an electronnot violate any conservation laws

neutrino according to the equation:
P> n+€+vg
Example 2. Use conservation laws to show the following interaction

In terms of quarks, this becomes: cannot occur
uud-> udd + € + v, K+ p=2> K +p
. charge +1 -1 -1 +1 0 on both sidé€s
Or, S|mpl|f|ed+. lepton number 0 0 0 0 0 on both sidés
u>d+e+ve baryon number 0 -1 0 +1 Not conserved

These processes involving a change in quark type are a result of Aigparyon number is not conserved, the interaction cannot occur.
action of theweak nuclear force(see later).

Exam Hint: You will be expected to remember the quark compodgjti Tip: An interaction only needs to breake conservation law to b
of protons and neutrons (and for some boards, kaons and pions) impossible. It must obey thexth if it is possible.
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5. Fundamental forces Questions . .
There are four fundamental forces — gravitation, electromagnetic, welk Give the similarities and differences between particles and
nuclear and strong nuclear. The order of strength is: antiparticles.

strong nuclear > electromagnetic > weak nuclear > gravitation
2. The rest energy of an electron is 0.5 MeV.

Gravitation A photon of energy 1.1 MeV produces an electron-positron pair.
= aforce between masses Calculate the total kinetic energy of the electron and positron.

= itis always attractive

= range is infinite 3. a) Give two differences between hadrons and leptons
Gravitation can be ignored at atomic scales, because the massed) Give two examples of baryons

involved are so small. c) Give two differences between baryons and mesons
Electromagnetic 4. State the quarks that form

= aforce between all charged bodies a) protons

= can be attractive (unlike charges) or repulsive (like charges) b) neutrons

= range is infinite c) antiprotons

The electromagnetic force is responsible for interatomic and d) antineutrons.
intermolecular attractions and repulsions, which hold atoms and

molecules together. 5. Use conservation laws to determine which of the following
interactions are possible:

Weak Nuclear a) po>n+€+ v,

= acts on all particles — both leptons and quarks b) p+e>n+ve

* has arange of less thanfth

! . c) p+tn >n°+n
= isresponsible fop decay

* isresponsible for interactions involving change of quark type 6 4y List the four fundamental interactions in order of strength.
The electromagnetic and weak forces are now thought to be different b) Which of these four forces will the following particles feel:
aspects of one force, called the electroweak force. ) neutrino

ii) electron
Strong Nuclear iii) proton

= acts on hadrons and quarks

= very short range — acts only within the nucleus
= responsible for holding the nucleus together

* attractive at larger ranges (x210"° — 3x 10"*m) - must overcome apswers

7. Draw a Feynmann diagram to repreg&ndecay.

electrostatic repulsion between protons. 1. See page 1.
= repulsive at very short range (< ¥0m) - must stop the nucleus 2. 1.1 MeV — 2 0.5MeV = 0.1MeV
collapsing 3. a) hadrons feel strong nuclear force, leptons do not

. . . leptons are fundamental particles, hadrons are not
6. Particle exchange model for the four interactions protons, neutrons

The idea behind this model is that forces are due to "virtual” particles E) baryons formed from 3 quarks, mesons from quark + antiquark
being exchanged between the interacting particles. The virtual particles ~ mesons have integer spin, baryons do not.

are considered to form clouds surrounding the interacting particl%, a) uud b) udd c)UUa d) odd

creating a field. Table 6 below shows the exchange particles for the f%l]l’

interactions a) lepton number not conserved, so not possible
b) possible c) possible
Table 6. Exchange particles 6. a) strong nuclear> electromagnetic > weak nuclear > gravitation
b) i) weak ii) electromagnetic, weak, gravitation iii) all four
Interaction Exchange particle 7. e
gravitation gravitor(not discovered yet)
electromagnetic photon n virtual W* ©
weak nuclear W', W,Zbosons | & -----
strong nuclear gluon
These interactions can be shown on Feynmann diagrams (Fig 2) p
Fig 2. Feynmann diagrams for selected interactions
e €
. p N
virtual ) p e
photon virtual W* virtual W- gluon
u d
Ve n n
electromagnetic repulsion neutrino — neutron scattering B~ decay strong force between quarks
between two electrons
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Conservation Laws in Particle Physics

At GCSE we study conservation laws for classical Physics. We
perform calculations for conservation of momentum in collisions,
realise that kinetic energy is usually not conserved in a collision,
and assume conservation of mass and charge in various ‘situations.

This Factsheet will restrict itself to Particle Physics. The above
conservation laws still hold (except that conservation of mass
becomes conservation of mass/energy), but new laws specific to
sub-atomic particles also arise.

h The conservation laws we study in Particle Physics are
in_addition to the classical laws.

Standard model

The standard model for particles includes the idea of quarks (which
form hadrons) and leptons. Reactions and interactions between
these particles involve the fundamental forces.

However some interactions occur, and others do not occur, A number
of conservation laws seem fto dictate what is allowed and what is
not allowed. We will look at some of these.

Conservation of mass/energy

In chemistry, when mass seems to disappear during a chemical
reaction, we assume that a reactant (usually a gas) has escaped
with the “missing” mass.

In Particle Physics, mass and energy are interchangeable according
to Einstein’s equation:

E =mc? where E is the energy in joules,
m is the mass in kg
and ¢ = 3.0x10%ms™".
Examplel:

(a) Calculate the energy that could be created from a 0.24kg mass.
(b) Find the mass that could be formed from 4.2x10° of energy.

Answer:
(a) E=mc? = 2.2x10']
(b) m=EJc? =4.7x10" kg

Example 2:
A thorium nucleus decays to become radium, emitting an alpha

particle.
Th — % Ra+ 0.

The masses of the particles: Th: mass = 3.7876x102kg
Ra: mass = 3.7210x10%kg
o mass = 6.647x10%kg

(a) Calculate the mass that is converted to energy (primarily as k.e.
of the alpha particle).
(b) Calculate this k.e. in joules,

Answer:
(a) m = mass Th — mass Ra — mass o= 1.30x10%kg
(b) E=mc?=1.17x10'12J

*Exam Hint: In mass/energy conversions, the masses and
energies can be expressed in kg, atomic units, joules, electron-

volts, etc. Try to be familiar with the different units, and learn
to convert from one to another.

One collision that does occur in particle accelerators is:
p+p—ptptp+p

(the line above the symbol indicates the antiparticle — in this case,
the antiproton)

The source of the mass of the new proton and antiproton is the
kinetic energy of the colliding particles.

Conservation of charge

This is a law we assume at GCSE. For instance, when sodium
hydroxide neutralises hydrochloric acid, charged particles (ions)
are formed:

NaOH +HCl — Na* +OH™ + H* +CI”
Q 0 +0=1+C)+1+¢1) =0

The same idea can be used to check the possibility of particle
interactions -occurring.

Example 3:

Which of these interactions would be impossible on charge
conservation grounds?

@p+n—p+p

(b)n —»p+e

Answer:
(a) p+n —p+p
Q 1+0=1+1
(b) n—>p+e
Q 0=1+¢(1

(cannot occur)
(possible)

Charge conservation allows this second reaction, however, as we
will see, other conservation laws mean this reaction is not possible.

Conservation of baryon number

Hadrons, such as protons and neutrons and pions, are large
subatomic particles composed of quarks (fundamental particles).
Hadrons are divided into baryons, antibaryons, and mesons. A
baryon number is associated with each of these hadrons:

HadronType | Composition | Examples Baryonnumber
Baryon 3 quarks proton 1
neutron
Meson 1 quark plus pion, T 0
1 antiquark kaon, K
Antibaryon 3 antiquarks | antiproton -1
antineutron

The -conservation law says that, in any reaction, baryon number is

conserved

“
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Example 4:

Which of these reactions is excluded because baryon number is
not conserved?

@p+p 2p+p+at+nl

b)p+p —»pt+p+n

Answer:
(a) p+p > p+p+w+7°

B: 1+1=1+1+0+0 allowed

(b) p+tp =2p+p+n
B: 1+1=141+1 not allowed

Example 5:

Option (a) above is not excluded by baryon number, Why is it not

possible?

Answer:
p+p —»p+p+nt+n’
Q 1+1= 1414140

The. charge number is not conserved.

h All of the relevant conservation laws must be obeyed if
a reaction is to be possible.

However this reaction is allowed. You can check that it obeys all
the relevant conservation laws: p+p —p+p+®+ 7T

Conservation of lepton number

Leptons are fundamental particles. And, as expected, lepton number
must be conserved in any interaction. The family of leptons is
composed of electrons, muons, tau particles, their antiparticles,
and associated neutrinos.

Lepton Symbol Lepton number
electron e +1
electron neutrino v, +1
muon W +1
muon neutrino v, +1
tau T +1
tau neutrino v, +1
antielectron (positron) et -1
electron antineutrino ;,—c -1
antimuon wt -1
muon antineutrino "'"" -1
antitau Tt | -1
tau antineutrino ;; | -1

However there is a complication with lepton numbers. Bach “variety”
of lepton (electron, muon, tau) must separately have its own lepton
number conserved.

Example 6:

Check for conservation of overall lepton number, L, for this reaction.
Then-check the lepton conservation number for each family of leptons
involved.

Vy+p—nt et
Answer:

V,tp—onte
L: (-1)+0=0+(-1) no problem
Li D+0=0+0 problem
L: 0 +0=0+(-1) problem
Although the overall lepton number is conserved, the lepton
numbers for the muon and electron families are not conserved, This
reaction is never observed.

However the following reaction is observed:
o +
vt p—ntp

L: (-D+0=0+(1)
L/ (D+0=0+(1)

no problem
no- problem

The overall lepton number, and the number for the only family
present, are both conserved.

Earlier, we saw that a possible process for beta minus decay did not
conflict with conservation of charge. (It also does not conflict with
conservation of baryon number.)

n-op+e
Example7:
See if lepton number conservation poses: a difficulty.
Answer:

n—op+e
L:0=0+1 there is a problem
This cannot be the whole decay process;

However, if we add another product to the decay (an electron
antineutrino), then conservation laws are observed. (The
antineutrino alse solves an observed problem with energy
conservation during the decay.)

n—pte +v,

Q: 0=1+(-1)+0 no problem:
B: 1=1+0+0 no problem
L: 0=0+1+(1) noproblem

This is the accepted decay equation for beta minus decay.

Now some problems for you to- try.
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Practice Questions
1. If the rest mass of an electron is 9.109x103'kg, find the energy in joules that this could theoretically be converted into.

2. We have said that this reaction occurs in particle accelerators.
ptp—ptptptp
If the rest mass of a proton (or antiproton) is 1.67x10%kg, calculate the minimum total kinetic energy (in joules) of the incident particles.
3. Which of these reactions is forbidden by conservation of charge?
@ p+tp—p+pt+at+ T
b)p+tp—>p+p+a+ W+ T
4, Which of these reactions violates conservation of lepton number?
@ p-—e+v,+v,
(b) W+ PN +n
©p —e+y
5. Show that both of these interactions conserve charge and baryon number:
(@p+p—=>pt+p+7°

®yp+rp—o>p+n+nt

6. A muon can decay as follows:
p—oe+v, +X

Use conservation laws to identify particle X.

Answers 5 (a) p+p—>p+p+7°
1. BE=mc?=8.2x101]J Q. 1+1=1+1+0 allowed
B: 1+1=1+1+0 allowed
2. 'Total mass created = 3.34x10%kg
E=.mc2=3.01><10"°J' . ' . (b) p+p—o>p+n+m
This would be the minimum energy required to create this mass. Q 1+1=1+0+1 allowed
3, (a) p+p_>p+p+n++n. B 1+1=1+1+0a110wed
Q I+1=1+141+(1) allowed
6. e+, + X
() PHP PP T T AT Q D =ED+0+X chargeofX:Q A
Q@  1+1=141+1+C1)+1 notallowed B: 0=0+0+X  baryon number of X = 0
Lﬂl: 0+1+X L“ofX=0
— L 0=1+0+X L, of X=-1
4. (a) W=+, v, _
L: 0=1+(1)+0 allowed The unknown particle must be an electron antineutrino, ;;
Lu: 1=0+0+1 allowed
(b) —V:+ pou R
L“: -1)+0=(¢-1+0 allowed
(©) BT ey
Lp 0=1+0 not allowed
Lu: 1=0+0 not allowed
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Probing M atter

This Factsheet will explain:

e some of the techniques which scientists use to investigate matter;

e some of the important discoveries which have been made using the
techniques,

o theimportance of thiskind of investigation as an illustration of good
science practice.

Before studying this Factsheet you should ensure that you are familiar
with the outline of the work of Rutherford from your GCSE course

Thealphascattering experiments

Before the scattering experiments, the accepted model of the atom was of
ahomogenous“blob” of positive material with negative“ bits” distributed
evenly throughout it, rather like a currant bun. Indeed, it was sometimes
called the “ Currant Bun” or “Plum Pudding” model of the atom.

Geiger and Marsden carried out aninvestigation, in which they fired alpha
particles (helium nuclei) at a very thin sheet of gold and measured the
proportion of particles which were scattered through various angles.

Ringof
detectors
Evacuated
vessel
Thin sheet of
/ gold
High energy
beam of alpha
particles

® Rutherford scattering probes the structure of the atom.

® |tisalpha particleswhich are used in Rutherford Scattering

Theresult they expected, based on the model, wasthat the particleswould
go through the gold, but would be deviated through small angles due to
electrostatic repulsions between the positive particles and the positive
chargesin theatoms. Most of the particles did behave as expected, but to
their amazement, Geiger and Marsden found that some particles were
deviated by large angles, and some almost came back the way they had

entered. )
goldnuclei

paths of alpha particles

Geiger and Marsden confirmed their results and realized that there was no
way that the existing model could explain the results obtained.

Rutherford suggested a new model of the atom, which would explain the
experimental results — the “Nuclear” model of the atom.

TheNuclear M odd of the Atom

Nucleus containing most of the

Diffusenegative massandall of thepositivecharge

cloud

Rutherford realized that thelarge scattering angles could not be explained as
the sum of alarge number of smaller scatterings, because the gold wastoo
thin. In order to account for the large scattering angles, the atom must
consist of aminute dense centre, in which almost all of the massand all the
positive charge is concentrated, so that the mgjority of the particles went
through only slightly deviated by avoiding the central charge/mass
concentration, but some which went closer to the centres would be highly
deviated. He was able to calculate the relative size of the charge/mass
concentration — which he called the “nucleus’ — from the proportion of
highly scattered particles. He concluded that the nucleus hasaradius of the
order of 10-**m, compared to the atom with radius of the order of 10°m.

Exam Hint: You may be asked to draw or complete paths like these.
They are parabolas. Thecloser the approach to the nucleus, the sharper
the bend.

The neutron remained undetected at this time.

The results of this experiment caused the existing model of the atom to be
abandoned in favour of the nuclear model and completely atered our
understanding of matter. It ranksamong the most significant investigations
in the history of science.

Deep inelastic scattering

Alpha particles cannot be used to probe deeper into matter. If we wish to
investigate the nature of each of the particlesin the nucleusi.e. the proton
and the neutron, we must use high energy electrons. Just asthe non-regular
scattering of alpha particles through the atom lead to our understanding of
separate particles making up the atom, so the non-uniform scattering of
electronsfrom hydrogen nuclei lead to an understanding that each of these
particlesis not a“blob”, but also made up of smaller particles.

Investigationslike these led to the discovery of quarks, the particleswhich
make up the proton and neutron.

Thistypeof scatteringiscalled“inelastic” becauseinteractionsbetweenthe
particles do not conserve kinetic energy.

ExamHint: You may need to know more about Fundamental Particles.
On some specificationsit isnot required for the coresyllabus, only asan

optional topic.

—_—mmm—m—m
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deep inelastic scattering is used to find out about the make up of
protons and neutrons

® highenergy electronsare used
® kinetic energy is not conserved

Typical Exam Question

(@) Complete the following table, which compares two types of
scattering experiment.

Deep inelastic scattering

Incident particles Electrons
Target Gold atoms
2
(b) Write a short paragraph describing how the results of the
experiments changed scientific thinking. 4

Alphascattering | Deep inelastic scattering
Incident particles | Alphaparticles Electrons
Target Gold atoms nucleons

Alpha particle scattering:

Before the experiment, scientists believed that positive material was
distributed throughout the atom. The results could only be explained by the
positive charge being concentrated in a tiny volume at the centre — the
nucleus.

Deep inelastic scattering:

Before experiments, the proton, neutron and electron were believed to be
fundamental particles. Theresults showed that these particleswere made
up of yet more fundamental particles.

Questions
1. Describe the alpha scattering experiments.
2. Why was it important that the vessel was evacuated?

3. (& Thenucleusof carbon-14 hasaradius of 2.70 x 10m.
Calculate the volume of this nucleus.

(b) The mass of the nucleusis 2.34 x 10-% kg.
Calculate the density of the nuclear material of the atom.

(c) Compare this value with that of ordinary materials.

Acknowledgements: This Physics Factsheet was researched and written
by Janice Jones.
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Exam Workshop

Thisis a typical weak student’s answer to an exam question. The
comments explain what iswrong with the answers and how they can
be improved. The examiner’s mark schemeis given below.

(@) Thediagram showsa line of gold nuclei, such as might have been
the target for an alpha scattering experiment.

Add linesto the diagram to show the paths of the alpha particles.
©)
I \
[ | [ | [ | | [ | [ | [ | [ | 13

Although the candidate has shown deviation, s’he has not shown an
understanding that the closer the line of approach to the nucleus, the
greater the deviation, nor is there any indication of a very large
deviation. At least three paths, one showing a direct approach and
alarge deviation should have been shown.

(b) Explain why this experiment led to the conclusion that most of
the mass and all of the positive charge of the atom was
concentrated in a small space at the centre. 3

The deviations could not have been caused by any other arrangement.
The positively charged alpha particleswererepelled by the positive
nuclei. 13

The candidate appreciates that the results cannot be explained by
the then accepted model, but does not really say why the nuclear
explanation isthe only sensible one.

Examiner’s Answers

(a) (asshown on thefirst page) Three paths, parabolas, showing hardly
any deviation for paths between the nuclei, larger deviation for closer
approach, including one of about 170°.

(b) Positive particlesaredeviated by the repul sion of the positive nucleus.
Snce particleswere deviated through different angles, matter must be
distributed unevenly. Thelarge deviations must be caused by regions
of dense mass and charge. Since only relatively few particles were
deviated through large anglesthe dense regions must be small compared
to the atomasa whole.

Answers
1. Seethetext.

2. Itisimportant that the vessel was evacuated so that the al pha particles
were deviated only by the gold atoms, not by extraneous air atoms or
molecules.

3. (a) Volume=4/3x 3.142 x (2.70 x 10%5)3= 8.24 x 10“m.
(b) Density = mass/volume = 2.34 x10%%/(8.24 x 104)
= 2.84 x10"kg/m®.
(c) Althoughthereisalargerange of densitiesfor ordinary materials,
this value is many orders of magnitude greater than any of them,
the highest of which is about 10*kg/m?.

_— ee—
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Linear Particle Accelerators

ThisFactsheet explainshow charged particles, such asel ectronsor protons,
areaccel erated by two maintypesof linear particleaccel erators. Beforethe
particleaccel eratorsareexplained, itisimportant tounderstand thedifferent
unitsthat are used to denote the energies of accelerated particles.

ParticleEnergies

Although the standard international unit, or Sl unit, of energy isjoules, J,
itisnot theonly unit of energy used to denotethe energiesof particles. The
jouleisquitealargeunit of energy when considering particlesthat havevery
small masses so an additional unit is often used, the electronvolt, eV.

An electronvolt is the amount of energy gained by an electron when it is
accelerated across 1 volt of potential difference.

Imagineanegatively charged el ectronat rest ononemetal plateat apotential
of 0volts, but attracted to a similar metal plate at a positive potential of
+1volt. Thenegatively charged electronwould beaccel erated tothepositive
metal plateand asaresultitwouldincreaseitskineticenergy. Thissituation
isshown in the diagram below.

ov +1V
electron

.

1V battery

negativeelectrongainskineticenergy as
it accelerates towards positive plate

Theincreasein kinetic energy of the electronis 1eV.

If you consider thetransfer of energy for thissituation, theelectroninitially
hasel ectric potential energy becauseit hasachargeof —1.6x 10*° coulombs.
This is converted to kinetic energy as the electron accelerates to the
positively charged plate.
Increasein kinetic energy Decreaseinelectric potential energy
chargeon electron x pd across plates
16x10¥Cx 1V

1.6x10% J

1.6x10%J

Therefore 1 electronvolt

= Theelectronvolt
1 electronvolt is defined as an amount of kinetic energy gained by an
electronwhenitisaccelerated acrossa potential difference of 1 volt.
lev=16x10"J

Van der Graaf accelerator

A Van der Graaf accelerator consists of:

e Tworollers (usually coated in silicon tape).

e A rubber belt that moves between the two rollers.

e A coallecting dome, whichismade of metal.

e  Two brusheswith fine metal bristles. These are positioned very close
to the rubber belt at the bottom and top rollers. They do not touch the
belt.

e A source of charged particles to accelerate, for example the ionised
protons from hydrogen gas.

Shownbel ow isa crosssectional diagram of atypica Vander Graaf generator.

upper metal brush
connected to dome
 collectingdome
ionised air between
brush and belt
upper roller @
positive ion source,
such as a tube of
positively charged rubber hydrogengas
belt moving upwards
lowerroller =™ O
i a1 b N/
ioni air between
il i"—ﬂ-
lower metal brush/ acceleratedionshead
towards target

1. Transferring a positive charge to the belt at the bottom roller.

e A motor is used to turn the bottom roller, which in turn moves the

belt. Because theroller and belt are made of two different materials,
rubber and silicon, they exchange charge.

e Negative electrons are transferred from the rubber belt to the roller.

Thishasthe effect of making theroller negatively charged and the belt
positively charged. Asthe roller has a smaller surface area than the
belt, the negative charge on theroller ismore concentrated.

e  Thenegatively charged roller isnow abletoionisetheatomsof theair

between the belt and the metal brush tips. The neutral air molecules
each lose an electron. The free electrons moveto the metal brush tips
and the remaining positive ions are attracted to the rubber belt.

e  Thebelt hasnow become very positively charged at the bottom roller.

—_—mmm——
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= Transfer of charge:

Thetransfer of chargewill takeplacebetweenanytwoel ectrical insulators
that are in contact with each other. Thetransferred chargeis always
carried with negatively charged el ectronsthat move fromoneinsulator
totheother. Thematerial losing negativee ectronswill becomepositively
charged, whilst the material gaining negative electrons will become
negatively charged.

Q-% lonisation:

lonisationistheremoval of anegatively chargedelectronfromaneutral
atom. lonisation creates a negatively charged ‘free’ electron and a
positively chargedion.
I

2. Storing positive char ge on the collecting dome, viathetop roller.

The positively charged belt now moves over the top roller, close to
the metal bristles of thetop brush. The electronsin the metal bristles
are attracted to the belt and move to the end of the bristles.

The positive belt and negative bristles are now able to ionise the
atoms of the air in between them. The neutral atomslose an electron.
Thefreeelectrons moveto the belt, and thereforetend to neutraliseit,
whilst the positive ions move to the ends of the metal bristles.
Themetd brushisconnected tothemetal collecting domeand el ectrons
from the dometravel to the brush (neutralising the brush) and leaving
the dome with a positive charge.

In theory, this process could happen indefinitely, with more and more
positiveionsbeing transferred to the collecting dome, creating alarger and
larger positive charge and alarger and larger electric potential energy onthe
dome. In practice the potential of the collecting dome is limited by its
environment, such asthe breakdown voltage of the surrounding air (~3MV)
when sparks will fly!

3. Accelerating charged particles

The description of theVan der Graaf generator so far explains how it
providesalargeelectric potential energy. Theelectric potential of the
collecting dome can now be used to accel erate charged particles.

A common source of charged particlesis hydrogen gas. The Van de
Graaf generator’s large potential difference will firstly ionise the
hydrogen atoms, creating hydrogen nuclei and freeelectrons. Secondly,
the hydrogen nuclei, which are single protons, will be accelerated
away fromthelarge positive potential of the collecting dome towards
the target.

Exam Hint: - Questionsthat require explanation type answersare best
presented as ‘bullet points’ as shown in the explanations given about
the Van der Graaf accelerator shown above. They help you to order
your thoughts and make it easier for the examiner to identify the
important pointsthat deserve a mark. All bullet points should remain
as structured sentences as marks are also awarded on exam papers
for your ‘ quality of written communication.’

Typical Exam Question

The collecting dome of a Van der Graaf generator is attached to a
metallic brush. A positively charged belt moves past the metallic
brush but without touchingit. Thediagram below showsthe set up.

metalicbrush

collectingdome

T+t + + 4+ %+ +

T

positively
chargedbelt

(@) Explain how thisarrangement transfersa positive char ge onto
the collecting dome.(3)

The Van der Graaf accelerator produces protons of energy 2.0M eV
(b) (i) Calculate the maximum kinetic energy of the protonsin
joules.(2)
(if) What limits the maximum energy of a proton accelerated
in a Van der Graaf accelerator? (1)

(a) Thepositively charged belt induces a negative charge on the metal
bristles of the brush.v’
Theatomsintheair in theregion between the positively charged belt
and negative brush may become ionised.v’
Positively charged ions fromthe atomsin the air move to the metal
brush.v’
Electronsfromthedometravel to the brush (neutralising the brush)
and leaving the dome with a positive charge.v’
(b) (i) Knowing that the maximum energy transferred to the protonsis
2.0 MeV we can convert this number to joules.
Notethat theprefix of ‘Mega’ has been used in the question, which
denotes 1 million electronvolts or 10° electronvolts.
Kinetic energy = (2 x 10°)(1.6x 10%) v'= 3.2 x 102Jv
(i) The maximum energy of a proton accelerated by a Van de Graaf
accelerator islimited by the maximumelectric potential that the
collecting dome can achieve before the air breaks down and the
dome discharges.v’
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Drift Tube Design Linear Accelerator.

Thistype of linear accelerator consists of successive tubes through which
thecharged particlestravel. Thetubesarealternately connected to opposite
terminals of an alternating voltage. Thewholeassembly must beinsidean
evacuated chamber. Thediagram below showsthe arrangement.

. A c D target
supply

‘ to the

ac

!

path of particles

drift
tube

If we consider the accelerating particles to be negatively charged
electronstheninitially drift tube A isgiven apositive potential by the
ac. supply.

The negative electrons are accelerated into the tube.

Inside each drift tube the particles will travel at constant velocity.
Asthe electronsleave drift tube A the a.c. supply will reverse, giving
tube A anegative potential and tube B a positive potential.

The electrons are now accelerated towards tube B.

Inside tube B the electrons travel at constant velocity.

Asthe electrons leave drift tube B the a.c. supply will reverse again,
giving tube B a negative potential and tube C a positive potential.
The electrons are accelerated towards drift tube C.

This process of acceleration between the drift tubes carries on until the
electronsleave the final drift tube and head towards the target.

®= Theincreas ng length of the drift tubes.

The a.c. supply has a constant frequency. This meansthat it takes a
constant amount of time for the drift tubes to change from a positive
potential to a negative potential and vice versa. This means that the
el ectronsmust spend a constant amount of timeinsideeach drift tubeso
that when they emergefromonedrift tube, the potential of thenext drift
tubehasjust becomepositive. Asthevel ocity of theel ectronscontinues
to increase the tubes must be made progressively longer so that the
electronsareinside each tube for a constant amount of time.

Qualitative (Concept) Test

(1) Definetheelectronvolt.

(2) What isionisation?

(3) How does the rubber belt become positively charged at the bottom

roller of aVan de Graaff accelerator?

(4) Explain how the alternating potential is used with the drift tubes of a

linear accelerator to accel erate el ectrons.

(5) Why isadrift tubelinear accelerator placed in avacuum?
(6) Why dothedrift tubesincreasein length along alinear accelerator?

Quantitative (Calculation) Test
(1) What istheenergy, injoules, of an electron with 1.0 keV?2(2)
(2) A protonhasanenergy of 1.8x10*2J. What istheenergy of theproton

in electronvolts?(2)

(3) What isthe speed of an electron that has akinetic energy of 500 eV?

The mass of an electronis9.11 x 103! kg(5)

Quantitative Test Answers

(

1) Energy = (1 x109(1.6 x10%) = 1.6 x 10 J

(2) Energy=(1.8x10%%)/(1.6x10%°) = 11,250,000eV= 11.3MeV (3s.f.)
(3) Energy = (500)(1.6 x 10%°) = 8 x10*" J

Yomv? = 8 x 107
V2 = (2)(8 x 1077)/9.11 x 103) = 1.7563 x 10%
v = W(1.7563 x10%) = 13,252,591 m/s = 1.3 x 10'ms?

ExamWorkshaop

Thisisatypical poor student’s answer to an exam question. The
commentsexplain what iswrongwith theanswersand how they can
be improved. The examiner’s answer is given below.

(@) AVander Graaf accelerator and alinear acceler ator each produce
protons of energy 15 MeV.
(i)  What isthe energy of the protonsin joules? 2
Energy = (15)(1.6x 10%%) = 2.4 x 108 J 0/2

| The student has not spotted that the energy has been quoted in MeV

(ii)  Assuming the mass of the proton remains constant at
1.7 x 10% kg, calculate the velocity of the protons. (©)]
Kinetic Energy = Yamv? = 2.4 x 108 v
V2= (2)(2.4 x 10%8)/(1.7 x 10%) = 2.8 x 10°m/s v/ 2/3
Thestudent hasrecall ed theeguationfor kineticenergy. Theequation
has been correctly rearranged and the numbers correctly substituted
intoit. Unfortunately the student has forgotten to square root there|
final answer for velocity. A quick check of thisanswer would have
revealed that it isunreasonable asit isfaster than the speed of light!

(b) Ontheaxeshelow, sketch avelocity timegraph to show how the
velocity of the protons changes as they pass through each
accelerator. Assumethat thelinear accelerator has3drift with

a gap between each tube. (5)
Vander Graaf linear
accelerator accelerator
Maximum maximum
velocity velocity
time time 3/5

The Van de Graaff accelerator graph is correct. Whilst the linear
accel erator graph correctly showsthesamemaximumvel ocity being
reached by theelectronsit doesnot show that thereisno acceleration
inthethreeregionswheretheel ectronswoul d beinsidethethreedrift
tubes.

() What limitsthemaximum ener gy achieved by charged particles
accelerated with a drift tube linear accelerator? (1)

Number of drift tubes.

Althoughthenumber of drift tubesdoesaffect themaximum energy
of the particles, it is the total length of the accelerator that is the
determining factor asthe tubes must become progressively longer.

Examiner’s Answers
(@) (i) Energy= (15 x 10°)(1.6x 109)v =24x102Jv
(i) Kinetic Energy = ¥amv? = 2.4 x 102 v/
V2= (2)(2.4x 10¥)/(1.7 x 10?)= 2.8 x 105V
v=53x10m/s v
(b) Van der Graaf linear
accelerator accelerator

maximum maximum

velocity velocity /7
/-

(c)Length of accelerator v/
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Circular Particle Accelerators

ThisFactsheet explainshow charged particles, such asel ectronsor protons,
are accelerated by two types of circular particle accelerator, the cyclotron
and the synchrotron.

Circular particleaccel eratorsbringtogether ideasfrom several differentareas
inphysics. Referencewill be madein thisfactsheet toideas of centripetal
forces covered in the Factsheet on uniform circular motion (19).

TheCyclotron

The cyclotron consists of:

e Anevacuated chamber tominimiseenergy lossesresultingfromcoallisions
of ionswith air molecules.
A sourceof charged particlesthat areto be accel erated —anion source.
Two'dees acrosswhichanalternatingvoltageisappliedthat accel erates
theions when they move from one dee to the next.

e Auniformmagnetic field that keepstheionsmovingin acircular path
and confines them to the two dees. This magnetic field is usually
produced by an electromagnet.

Fig1(a) Crosssectional diagram of themain partsof acyclotron

A cyclotron can be used to accel erate positively or negatively chargedions.

In the following explanation theions are considered to be positiveions.

e Positiveionsarereleased from theion source. These positiveionsare
acceleratedtowardsdee 1, whichisinitialy givenanegativepotential to
attract the positive ions.

e Onceinside dee 1the positiveionsmove at constant speed. A uniform
magneticfieldisapplied perpendicul arly tothedeesby theel ectromagnet.
This magnetic field makes the positiveions move in acircular path.

e Thepodtiveionsturn around and movetowardsthegap fromdee Linto dee2.

e Thealternatingvoltagereversesgiving dee2 anegativepotential. When
the positiveionscrossthe gap from dee 1 into dee 2 they are accel erated
towards dee 2 by the negative potential.

Onceinsidedee 2 the positiveions have afaster speed than when they were
indee1 - thisremainsconstant withinthedee. Theabove sequenceof events
now repeatsitself. Themagnetic field makestheionsmoveinasemi circle
back to the gap between the dees at which point the alternating voltage has
reversed and sothe positiveionsare accel erated back acrossthegap towards
deel, which now has a negative potential once more.

Asthe speed increases, the radius of the circular path followed by the ions

N
lonsource
|
evacuated |
chomber ——F | . electromagnet
dees

Fig1(b) Cyclotronshowingthepaththat theacceer atingionstake

increasesbut thetimethat theion spendsin each deeremainsconstant. This
means that the frequency of the alternating voltage remains constant.

f.r'=" The path of theions

1. Theconstant magneticfieldapplied perpendicular tothedeesexerts
a force on the ions that makes themmove in a circular path.

2. The speed inside a dee remains constant.

3. Thespeedoftheionsincreasesasthey movefromonedeetothenext.
Thisisbecausethey are attracted to the oppositely charge dee.

4. Theionsspend an equal amount of timein each dee, asthey speed
up, thecircular pathincreasesin radiusand they travel further in
eachdee.

highfrequency
a.c.voltage
L

hid

lon source

dee?2 deel

to target

Exam Hint: Questionsthat require explanation type answers are best
presentedas’ bullet points asshownintheexplanationsgivenabout the
cyclotron accelerator. They help you to order your thoughts and make
it easier for the examiner to identify theimportant pointsthat deservea
mark. All bullet pointsshould remain asstructured sentencesasmarks
are also awarded on exam papers for your ‘quality of written
communication.’

A closer look at thespeed attained by acceler ated particles
Wewill now deriveanexpressionfor thespeed of theionsinsidethecyclotron
by applying Newton’ s second law of motion, but beforewe do thiswe need
to know the following:

The force exerted on a charged particle moving perpendicular through a
magneticfield actsasacentripetal force, movingtheparticleinacircular path.

qp= Thesizeof thisforceis
F=Bav B=sizeof magneticfield (T)
g = chargeon particle (C)
v = speed of particle (m/s)
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Theacceleration of an object movingin acircleisgiven by theexpression:

v = speed of object (m/s)
r = radius of circular path of the object (m)

—\V
asr

Further explanation of the termsin italics and circular motion is givenin
Factsheet 19.

We are now in a position to use Newton's second law on the ions in the
cyclotron that aremovingin acircle:

F=ma where: m= massofion (kg)

Substituting into this equation the expressions for centripetal force and
acceleration that are stated above we get:

mv2
Bqv = T

Rearranging thisto make speed, v, the subject of the equation:

For any particular ion, itscharge, g, and its mass, m, will remain constant.
Thisequation also showsthat if the magnetic field strength is constant, the
speed of the particle is proportional to the radius of its circular path. As
theions move from dee to dee, their speed increases. This meansthat the
ionsmovein larger and larger circles asthey accelerate up to the radius of
thedeesthemsel ves, at which point they cannot beaccel erated anymoreand
they are released towards the target.

Theaboveequationalsoshowsthat alarger magneticfieldwill createalarger
speedfor theparticles. Inlargecyclotrons, very powerful superconducting
magnets are often used instead of electromagnets.

Orﬁ——w The maximum speed of the particles.
For any particular ion, the maximum speed that it canreachis
limited by two factors:

1. Theradius of the cyclotron

2. Themaximummagneticfield strengththat can beapplied.

Limitationsof acyclotron

Asparticlesapproachvery high speeds, closetothespeed of light, their mass
increases. Thiseffectispredicted by specia relativity. Thismeansthat the
particles spend slightly longer in each dee. Thismeansthat the alternating
voltagereversestoo soon for the particlesto be accel erated across the gap.
The synchronisation of the voltage and the ionsislost. This happens at
energies of about 20 MeV, meaning that a more sophisticated particle
accelerator isneeded for higher energies.

Typical Exam Question

(a) Calculatetheenergy gained by a proton in a cyclotron when it
moves between the two dees if the voltage between the deesis
4.0kV. Stateyour answer in joules. (The charge on a proton
is 1.6 x 10'°C). [2]

(b) Calculatethespeed of theproton after it made 500 completecycles.
Assume the mass of the proton stays constant at 1.7 x 107kg. [4]

(c) Calculatetheradiusof thecircular path that thisprotontravels
around if the magnetic field strength used is 0.50T. [3]

(d) Howlongwillit takeaprotontocompleteonesemicircular path
inside a dee? [3]

(e) What frequency of alternating voltage should be used? [2]

Answer

(a) Theprotonwill gainenergyequal totheed ectrical potential energythat
it hasat the start of itstransfer between the two dees. Notethat the
question quoteskilovolts, kV, which must be converted into volts, V,
befor e substituting into the equation.

Energy gained = chargex voltage= qV = (1.6 x 10%°)(4000) = 6.4 x 10%8]

(b) Theenergygainedbytheprotonwill simplybe1000times(500xtwo
crossingsper cycle) theenergy calculatedinpart (a). Wethen have
toequateall of thisgaininenergytoanincreaseinthekineticenergy
of the proton.

Gain inkinetic energy = (1000)(6.4 x 10%) = 6.4 x 10™J
Therefore, Yamv? = 6.4 x 10

V= —((21)(;5';‘ jol_%”> = 753 10%

v=V753x 10%= 2.7 x 10" m/s

(c) Knowing values of charge and mass for the proton, and having
calculated a valuefor speed, we can substitute these numbersinto the
equation derived earlier for the speed of ions in a cyclotron. The
equation has to be rearranged to make radius, r, the subject of the
equation,

mv _ (L7 x 10%)(2.7 x 107) _

(05)(16x 10%) - o8m

r= B_q =

(d) Wecanusethesimpleequation: speed = distance/timewithtimeasthe
subject of the equation. We have a value for speed from part (b) and
the distancetravelled will be half a circumference of a circlewith the
radius calculated in part (c).

distance _  7(0.58)
speed (2.7 x10))

(e) Theperiodictimefor one complete revolution made by the particle
= (2)(6.7x10%) = 1.34%x107s

frequency =

timetaken = =6.7x10%s

1

periodic time= 1.34 x 10'7= 7,500,000 Hz = 7.5MHz

ExamHint: Bevery careful whenananswer requiresyoutouseavalue
that you have previously calculated in the question. You must always
carry forward as many significant figures as possible when using a

calculated value in a subsequent part of the question. Thisis despite
having to round these previous values up before quoting them as an
answer.

e
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The Synchrotron

In asynchrotron, the radius of the circular path that the particlesfollow is

kept constant. Hencetheparticlestravel around an evacuated chamber that

isshaped into aring. A synchrotron consists of:

e Anevacuated chamber shaped into aring.

e A sourceof fast movingions, usually from a‘pre-accelerator’ such as
alinear accelerator or asmaller circular accelerator.

e Magnetsaroundtheringthat canhaveavarying magneticfield strength.

e Accelerating cavities around the ring that increase the speed of the
particles.

Fig2Planview of asynchrotron

to target

from
pre-accelerator

accelerating cavities
that create apotential
to accelerate the
particles

e Theparticlesare kept moving inacircular path by magnetsaround the
evacuated ring asshownin Fig 3.

Fig3Circular path of magnets

magnets are positioned around thering to force the

particles on acircular path
=

e Themagnetic field strength of the magnets can be varied to make sure
that theionsfollow the samecircul ar path regardless of their speed and
their changing massat higher energies.

e Anéelectricpotential isusedtoaccel eratetheparticlesintheaccel erating
cavities around the loop. Positive particles are accelerated towards a
negativee ectrodeinsidetheaccel erating cavitiesasshowninFig4bel ow.

Fig4.Particlesacceler ated towar dsanegativeelectrode

negative
electrode

=i

T veryhighvoltagecresting
alargee€lectric potential

accelerated
proton

Because the magnets are around the ring, the centre of the magnet that has
to be used inthe cyclotron isnot needed. Thismeansthat the radius of the
circular paththat the particlesfoll ow can bemademuch bigger (For example
thelargest synchrotron accel erator at CERN in Genevahasacircumference
of 27km )

OF'=" The Changing Magnetic Field

Theradiusof thecircular path of the particles must remain constant as
they speedupandtheir massincreasesat very highenergies. Thismeans
that the size of the magnetic field must be varied and synchronised with
the speed and mass of the particles.

Synchrotron Radiation

When charged particlesmoveinacircular path, they losekineticenergy. This
energy islost as electromagnetic radiation called ‘ synchrotron radiation’.
The loss of kinetic energy causes the particles to slow down unless they
receiveaboost of energy from the synchrotron. Therefore, just to keep the
charged particlesin asynchrotron moving at constant speed requiresthem
toreceive energy from the accelerator. Thisalso meansthat asynchrotron
can act asasource of electromagnetic radiation.

= Synchrotron radiation

Charged particles moving in a circular path lose kinetic energy as
electromagneticradiationor synchrotronradiation. Thiswouldcause
theparticlestoslowdownand spiral into the centreof theaccel erator
unless they received constant boosts of energy fromthe accelerator.

Typical ExamQuestion

In a synchrotron, charged particles are kept moving in a circular

path by magnets as they are accelerated to high energies.

(a) Give two reasons why it is necessary to increase the strength
of the magnets as energy of the particles increases. 2

(b) Theparticlesradiateelectromagneticradiation, or synchrotron
radiation as they move in atheir circular path.
(i) Why dothe particlesneed a constant boost of energy just to

maintain their speed? 2
(ii) How might thislimit the ener gy that a char ged particle can
reach in any particular accelerator? 2
Answer

(a) Astronger magnetic field isneeded to change the direction of faster
moving particles.
The mass of the particlesincreases and a stronger magnetic field is
needed to change the direction of more massive particles.

(b) (i) The particles lose kinetic energy as they emit electromagnetic
radiation.
Thiskineticenergyisreplaced, and theparticlespeed maintained,
by a boost of energy fromthe accelerator

(i) Faster particlesemit more energy asradiation when movingin

acircle.
More energy must be received fromthe accelerator to maintain
speed.
Anaccelerator can only provide a finite amount of energy to the
particles.
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ExamWorkshop

Thisisatypical poor student’s answer to an exam question. The
commentsexplain what iswrongwith theanswer sand how they can
be improved. The examiner’s answer is given below.

Thediagram below representsacyclotron that isused to acceler ate
protons. Theprotonsenter the accelerator at thecentreand spiral
outwards.

aternating p.d
a) Why do the protons accelerate moving from one half of the
cyclotron into the opposite half? [2]
The protons are attracted to the opposite dee. 12

Althoughthestudent hasidentified theforceof attraction, thereason
fortheforce, thenegativepotential of theoppositedee, hasnot been
mentioned.

b) Thelargest radiusof thecircular paththat theprotonscanfollow
isequal totheradiusof thecyclotron. Show that the maximum
speed of a proton is equal to BqR/m. B is the magnetic field
strength, g is the charge on a proton, R is the radius of the

cyclotron and m is the mass of the proton. [3]
2
v = ™
ve Bar 13
m

Thestudent hasdonequitewel | hereby usingtheforceonthecharged
particle and also knowing the accel eration of aparticlemovingina
circular path. Unfortunately thefinal answer hasnotincluded R, that
radius of the cyclotron, asrequired in the question.

(c) Calculate the maximum speed of a proton in a cyclotron of
diameter 0.80m when themagnetic field strength is0.60T. The
chargeonaprotonis1.6x10°C andthemassis1.7x 10 kg.[2]

_ BgR_ (0.6)(1.6 x 10%9)(0.8) _
V= "m T (7= 109 =

The student hasincorrectly used 0.80min the equation for radius.
Thisisthe diameter of the cyclotron.

45x%x 10'm/s 1/2

(d) (i) Stateadifferenceinthepath followed by acharged particle
being accelerated by a synchrotron compared to the path
shown abovein a cyclotron. [1]

The path in a synchrotroniscircular 1

Although this statement would probably get the mark it would have
been better to make reference to the constant radius of the circle.

(if) What differencein thedesign of the synchrotron makesthis
path possible? [1]

The magnets 01

Thisanswer isnot specific enough. The student should state what
itisabout themagneticfieldthatisresponsiblefor thecircular path.

Examiner’s Answers
(a) The opposite dee always has a negative potential. v
The negative potential attractsthe proton, increasing its speed.
(b) Centripetal Force= massx acceleration (inacircle)
Baqv=mZr = v=Bgr/mv/ v
When the speed is at a maximum, the radius of thecircle= R
Maximumv = BqR/m v/
19 v
(d) (i) Inasynchrotron,theparticlesfollowacompletecircular path of
constant radius instead of two semi-circular paths of different
radiusasin a cyclotron.v
(ii) The strength of the magnetic field can bevaried.v”

Qualitative (Concept Test)

(1) How does the speed of the particles being accelerated by a cyclotron
change; (i) insideadee and (ii) moving from one dee to the other?

(2) What keeps the particles moving in acircular path?

(3) What two factorslimit the maximum speed that the particles can attain
inacyclotron?

(4) What are the limitations of a cyclotron and how does the synchrotron
overcometheselimitations?

(5) Why do charged particlesmovingin acirclelosekinetic energy?

(6) How istheenergy of charged particlesmovinginsidethecircular tunnel
of asynchrotron maintained?

Quantitative (Calculation Test)

1. (a) Calculatetheenergy giventoaprotonwhenitmovesbetween?2dees
that haveapotential of 1500V acrossthem. Thechargeonaproton
is1.6x 10*°C. [2]

(b) What wouldbetheincreasein speed of theproton of mass 1.7x102°kg?
(3]

2. (@) Calculate the radius of the circular path followed by an electron
travelling at aspeed of 2.0x 10" m/swhenitisinamagneticfield
of 0.10T, perpendicular toit motion. Thechargeon an electronis
1.6 x 10°C and the mass of an electronis9.11 x 10%kg.  [2]

(b) How long would it take this electron to travel one semi circle? 3]

Acknowledgements: This Physics Factsheet was researched and written by Jason Slack
The Curriculum Press,Unit 305B, The Big Peg,120 Wse Street, Birmingham, B18 6NF.

Qualitative Test Answers
Answers can be found in the text

Quantitative Test Answers
1. (a) Energy = qV = (1.6 x 10")(1500) = 2.4 x 10%¢J
(b) Kinetic Energy = Energy gained
Yamv? = 2.4 x 1016

V2= 2x (24 x10%)
1.7x 107

=28x 10"
v=V(2.8x10%) = 53x10° m/s

2. @ ._mv _ (911x10%)(2x 107
r=— =
Bq 0.1x (1.6 x 107%)

=11x10°m= 1.1mm

(b) _ distance
speed = g
time = distance _ (%2x circumference)
speed speed
(¥2)(2m)(1.1 x 10°) _

= 7N N = 10
@ 10) 18x10%¥s
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Principlesof Detecting Particles

This Factsheet will explain:

»  Principlesof bubble and cloud chambers;

* Principles of spark/drift chambers;

* Interpretation of photographs showing particle tracks: charge and
momentum.

This section is for synoptic papers and so assumes a knowledge of ideas
contained in dynamics, mechanical energy, radioactive decay and thenuclear
atom, thekinetic model of matter, circular motion and oscillations, electric
and magneticfields.

If you are uncertain of any of this material, it would be useful to reviseit
using other Factsheets as follows: 02 Vectors and Forces; 12 Newton's
Laws; 13 Motion I; 11 Radioactivity |; 22 Radioactivity I1; 25 Molecular
kinetic Theory; 19 Circular Motion; 20 Simple Harmonic Motion; 33
Electric Field Strength and 45 Magnetic fields.

Principlesof detection

Most particles are too small to be seen directly, so detectors usually show
the paths or tracks of the particles. From the paths (particularly in electric
or magnetic fields) and consideration of conservation of kinetic energy and
momentum, the mass and/or charge of unknown particles can be deduced.
The particles need to be ionizing radiation for most detectors to work.

E.Ew;w Most detection instruments depend on the ionizing properties

of theradiations. Non-ionizing radiations do not |eave tracks.

The Bubble Chamber

Thisconsists of achamber containing liquid hydrogen. Thepressureisso
low that thehydrogenisal most onthepoint of vaporizing. Whenanionizing
radiation entersthechamber it causesthehydrogentoionize, whichtriggers
vaporization and atrail of bubbles shows the track of the particle.

The Cloud Chamber

TheCloud Chamber isachamber containingapad soakedinavolatileliquid
such as ethanol. An electric field is maintained between the source of
particlesand the sides of the chamber. As particlesenter the chamber, the
pressureis reduced so that the ethanol condenses onto the trail of ions of
thegasesintheair, left by theionizingradiation. A simplelaboratory version
isshowninFig 1.

Figl.Cloud chamber

source of particles

To pump
black padfor contrast
soaked in ethanol

Alpha particles (Helium nuclei) typically leave long straight paths. Their
rangeinair isdetermined by their initia kinetic energy, asthekineticenergy
islostinionizing collisionswith atoms of the gases present. Sometimesthe
particlecollideswithaparticleof oneof thegasesintheairinaneasticcollision.

In this case the tracks of the two particles are determined by the laws of
conservation of kineticenergy and of momentum. Fig.2 showstypical tracks
of alpha particlesin acloud chamber. There are alpha particles with two
different energiesbeing emitted by the source, asshownby thetwo different
ranges, and an alpha particle has collided with another atom, as shown by
the branched track.

Fig2. Tracksinacloud chamber

The total initial momentum is given by mv, and kinetic energy by amv2,
since the target atom is stationary.

If the target atom has the same mass as the incoming particles, then the
momentum after the collisionismv, + mv,, wherev, and v, arethevelocities
of the particlesafter thecollision, and thekinetic energy is¥amv,* + ¥amv,2. For
conservation of momentum and kinetic energy then;

mv = mv, + nv,
and Yamv® = Yamv? + Vw2

iev=v +v,
and V2 = V2 + v?

Because v, v, and v, are vector quantities, then the only way that these two
equations can be satisfied simultaneously isif v, and v, areat right anglesto
each other.

0,-=“ Soif thetracksafter acollision are at right angles then we know
that themassesof theincoming particleand thetarget atomarethesame.

Typical Exam Question

Unknown particles are detected in a Cloud Chamber containing
only helium gas. If some of the tracks show branching into two
paths at right angles, what can you say about the incoming
particles? Explain your reasoning.

Theincoming particlesarealpha particles—heliumnuclei. To produce
tracksat right angles, conservation of kineticener gy and momentumgives
the mass of the target atom as the same asthat of theincoming particle.

Spark Chamber and Drift Chamber

These devices are filled with gas at low pressure and have thousands of
parallel wiresinthem. Anincoming particlecausesionization of thegasand
the electrons released drift to the nearest wire. Thetrack of the particleis
then worked out electronically by timing how long it takesfor the electrons
to reach the nearest wires. A computer processes the signals and displays
the results graphically.
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Interpreting Results

Charged particlesaredeflected by el ectricand magneticfields, soif fieldsare
appliedtotheparticlesbeing detectedinachamber, thenthedeflectionshel p
to show the nature of the particles being detected.

If amagneticfieldisappliedat right anglestothepath of aparticle, theparticle
issubjecttoaforceBgv, where Bistheflux density of thefield, qthecharge
and vthevelocity of theparticle. Thisforceactsat right anglesto thefield
andtotheparticle’ svelocity, so theeffect isto providethe centripetal force
necessary for the particleto movein acircle.

rnVZ

— :qu

; thus ¥ = Bq

r
If thevel ocity of the particleisknown (e.g. by having accel eratedit through
an electric field, the particle gains a kinetic energy = qV, where V is the
potential difference through which it is accelerated) then its charge can be
deduced from the known B field and the measured radius of thecircle. Or
if itschargeisknownthenitsmomentumcanbededuced. Fig3showstheeffect.

Fig3.Path of acharged particleinamagneticfield

X X —— magneticfieldgoing
path of charged particle into the page
X X
X

Thedirection of thedefl ection canbeworked out by Fleming' sleft-handrule
(remembering that the conventional current is the direction of flow of
positive charges)

0;=w The path of a charged particlein amagneticfieldisacircle
inthe plane at right anglesto the flux

Typical Exam Question

A particle of mass 9.3 x 10%kg isaccderated to a peed of 5.0 x 10°Pms?
in an electric field. It then entersa magnetic field of 1.2 T at right
anglestoitspath. Theradiusof itsnow curved path isobserved to

be 12.1cm. Calculate the charge on the particle.
2

Bqu = LY
r
Therefore Bq = nr_1v

9.3x 10%x 5 x 10°
1.2x0.121

=3.20x10"°C

Features of particle tracks

Fig 3 showed features of tracksin amagnetic field acting into the page. Fig 4
shows other features which can be easily deduced from tracksin amagnetic
field.

Fig4. Tracksinamagneticfield intothepath

If anelectricfieldisappliedat right anglestothepath of astream of particles,
then they experience aforcein the direction of thefield given by
F= Eq where E =field strength

g = charge on the particles

(E=V/dfor parallel platesseparated by adistanced with p.d. Vacrossthem).
A uniform electric field causes the particles to describe a parabolic path,

becausetheparticleshaveaconstant vel ocity inonedirection and aconstant
accelerationinthedirection at right angles. Fig5

Figh
paralé pIaIeV
path of particle stream T
+\ j
paralel plate
qv ) qv )
F= e therefore acceleration = am where m = mass of the particle

V and d are known, so conclusions about g and m can be deduced from the
track.

Typical Exam Question
(a) Explaintheprinciplesof acloud chamber for detecting particles.
(3]
(b) Trackswereobtained for particlesmoving in amagneticfield at
right anglesto the plane of the paper as shown below. Explain
what can be deduced about what is happening at the places
marked A and B. [3]

a 5=
-\

() What differences would there be between the tracks of (i) an
electron and (ii) a proton in the same magnetic field. [2]

(a) Thecloud chamber containsapad soakedinethanol, whichvaporizes
whenthepressureisreduced. Incomingionizing particlesionizethe
air in the chamber and the ethanol vapour condenses on thetrail of
ions, making the path visible.

(b) At A the particle has decayed into 2 particles, one of which is
uncharged. At Btheuncharged particle hasdecayed into 2 oppositely
charged particles.

(c) The proton track would be curved in the opposite direction and
would be thicker and shorter.

_/Ie+
\e—

_—_/p+
. p_

~<

ParticleslossK.E. throughionising
collisions, sothat thetrack getsmore
curved and thicker

A decay into acharged particleand a
massive particle, which itself decays
into two opositely charged paticles

Slow or massiveparticlesgive
more ionisation so thicker
tracks

Fast particlesmakeathin
curved path
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Exam W orkshop

Thisisatypical weak student’s answer to an exam question. The
comments explain what is wrong with the answers and how they
can beimproved. The examiner’s answer is given below.

The diagram shows a beam of electrons of massm, and charge—e
entering a magnetic field, B, into the plane of the paper at a speed v,

X X X

(a) In terms of the quantities given, write down an expression for
the force required to constrain the electrons to move in a
circular path of radiusr [1]

F=mres o1
Althoughthisexpressioniscorrect, @wasnot givenin thequestion,
and the candidate has failed to relate this to the quantities in the
question.

(b) Derive an expression for the radius of the path in terms of B,
m, e and v, (2

Forceontheelectroninamagnetic field= Bevand thisforceprovides
the necessary mra” so Bev = mra?, thereforer = Bevima?® 1/2

Becausethecandidatedoesnot know that v =r @, shehasbeenunable
to finish the derivation of the expression. No credit is given for
knowing that the force on the electron in the magnetic field is Bev,
because that is given on the paper.

(c) Draw on the diagram below the path of the electrons after they
enter the magnetic field. [2]

x RKx %
172
X X

Thecandidatehascorrectly drawnthecircular path, but hasforgotton
that the conventionad currentisaflow of +charge and so hascometo
the wrong direction, or has used right-hand instead of the left.

(d) A proton has a mass 2000 times that of the electron, and the
samesized charge, describethedifferenceswhich itspath would
have if it entered the field at the same speed as the electron.

(2]
From (b) risproportional to 1/m, sothepath of theprotonwould have
aradius2000timessmaller thanthat of theel ectron, andit would curve
down instead of up. 2/2

Although each of these conclusionsisincorrect, the candidate has
been given credit for error carried forward, because ghe has used
earlier incorrect data appropriately.

Examiner’s Answers

myv?
(@) F==

myv? myv2  mv
b) Bev=— sor=—-2—= ——
®) r Bev Be

(c) The path should be similar, but curving downwards.

(d) From (b) the radius is proportional to m, for the same v, B and
charge, therefore the radius would be 2000 times larger. Sncethe
chargeis positive not negative, the path would curve upwards.

Questions

1. Show howtheexpressionfortheforceonacharged particleinamagnetic
field, (Bqv) isderived fromtheexpression Bl for theforceonacurrent-
carrying conductor.

2. Anadphaparticlehasachargeof 3.2x 10%° C. Calculatetheforcethat
actson it when it moves at a speed of 2.6 x10°ms? at right anglesto a
magnetic field of strength 70mT.

3. Inafinebeamtube, el ectronsareaccel erated fromanel ectrongunthrough
apotentia differenceof 300V. They then crossamagneticfield of flux
density 0.8mT at right angles to their path.

(a) Calculatethe speed of the electronsleaving the electron gun.
(b) Calculatetheradiusof thepaththeelectronsfollow inthemagnetic
field. e= 1.6 x 10™C, m = 9.1 x 10%%kg.

Answers
1. Thetransport equationgives| = nAgv, wherenisthenumber of charge
carriers per unit volume, and A is the cross-sectonal area of the
conductor, so nAl givesthe number of charge carriersin alength, | of
wire. The force on one of these charge-carriersisthus
Bl BnAgvi

AT ,which equals A

which equals Bqv.

2. Force=Bgv=70x 10°x 3.2x 10" x 2.6 x 10°= 5.82 x 10N

3. @ ke.ofeectrons= eV =1.6x10"x300= 4.8x 10" = Y%my?

16
48x10%X2 _ 4 45y 105, v = 324X 107

2 —
therefore v? = 91x10%

b) my?

= Bev, thereforer = &
= Bev, thereforer = 5=
. 91x10%x324x107 _

= T 08x107x L6x 100 _ 230
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Particle Paths

The paths followed by subatomic particles in different situations
can provide information about the particles. These include:

e charge

¢ momentum

e energy

e ionising properties

These paths can also provide evidence of particle annihilation and
creation, and of particle decay.

How we observe these paths
We cannot observe the particles themselves, but we can make them
leave evidence of their passing. The two standard devices used
have been the bubble chamber and the cloud chamber. This
factsheet is not intended as a study of these devices, but the way in
which they work is worth a mention.

(a) Bubble Chamber

Charged particles ionise the molecules in a super-heated liquid as
they pass through. Bubbles form around the ions created. These
trails of bubbles then indicate the path of the charged particle.

(b) Cloud Chamber

The cloud chamber contains a supersaturated vapour. Charged
particles ionise molecules in the vapour as they pass through. The
ions act as centres for droplet formation (condensation). The paths
of the particles can be seen as mist trails through the vapour.

This diagram shows some typical particle paths seen in a cloud or
bubble chamber.

h Both detectors only show the paths of charged particles.
Uncharged (neutral) particles cannot be seen. However

sometimes their paths can be inferred from other evidence.
T

Example 1:
Why can the paths of neutral particles not be detected?

Answer:
Tonisation is caused by a Coulomb force between the approaching
particle and atomic electrons. An uncharged particle cannot exert

a Coulomb force.

Alpha particles and beta particles
These two radioactive decay particles give very different results

‘when their paths are observed in a cloud chamber:

(a)Alpha decay

Alpha Source

We observe that:

e the paths are straight

o the paths are distinct

o the paths are of equal length

We can conclude from this that alpha particles suffer very little
deflection during the jonisation process, that they are strongly
ionising, and that they all have the same initial kinetic energy.

This fits in with our knowledge of alpha particles ( jHe ) asrelatively
massive charged particles.

Example 2:
Why should the alpha particles emitted from a source all have
the same energy?

Answer:
The decay equation is identical for each unstable nucleus in the
sample. Mass defect is converted into kinetic energy in the
process.

ZUZiTh+ jo

(b) Beta.decay

Beta Source

-

This time we observe that:

e the paths are erratic

o the paths are faint

o the paths are of unequal length

The conclusion for beta particles is that they are easily deflected
during collisions, and that they are only weakly ionising. They also
seem to have different kinetic energies.

The first two conclusions fit in with our ideas that beta decay is

composed of tiny charged particles Je . However the final conclusion
concerning kinetic energies is an important one.
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When beta decay occurs, lepton number conservation dictates. that
an antilepton must be emitted along with the beta particle (electron).
This extra particle is the electron antineutrino. It carries away the
rest of the kinetic energy.

Total decay energy = KE of electron + KE of antineutrino
UC > UN+ IB+V

It should be remembered that a similar process for a positron also:
occurs, with an electron neutrino carrying away the “missing”
energy.

Calculations for alpha and beta particles
Alpha particles lose about 30eV in creating one ion-pair when
travelling through air.

Example 3:

An alpha particle has a kinetic energy of 8.2x10-3], Find its
kinetic energy in electron-volts. Then find the number of ion-
pairs it would create in air.

Answer:
KE =8.2x10"?/1.6x10" =5.1x10%V = 5.1MeV
Number of ionisations = 5.1x10¢ / 30 = 1.7x10° ion-pairs

Example4:
Would an alpha particle with twice the kinetic energy have twice
the range through air?

Answer:

No. Alpha particles do not cause ionisations at a steady rate. As
they slow down, the chance of a collision causing a successful
ionisation increases markedly (they become more strongly
ionising as they slow down). This leads to a graph of this form:

N

Rangeinair

N

Initial K.E

In a device called an ionisation chamber, the ion-pairs created in air
each contribute one electron to the current around an external circuit,
The current flow is expressed as:

I=Ane

L

where A is the activity of the alpha source in Bq
n is the number of ion-pairs created by each alpha
particle
e is the electron charge in coulombs

Example 5:

in the external circuit?

Answer:

An alpha source has an average activity of 9000Bq. Each alpha |{
particle creates 1.5x10* ion-pairs. What current will be measured |

I = Ane = 9000x1.5x10%<1.6x10" = 2.2x10-"* Amperes

With beta particles, a spectrum of kinetic energies exists. The rest
of the energy is taken by the antineutrino: This is a typical energy
spectrum graph for beta particles:

N

Number of
electrons
emited:

Example 6:
One partcular beta particle is emitted with a kinetic energy of
0.517MeV. Find the energy of the accompanying antineutrino.

Answer:
Energy = 0.531 -0.517=0.014MeV

Applied Magnetic Fields

Often a magnetic field is applied perpendicular to the base of the

cloud chamber. Any charged particle travelling across the chamber

will be deflected in a curved path.

From circular motion theory:
Bqv=mv?/r andso p=mv=Bqr wherepis momentum

As'most particles have charge +e or —e, the momentum of the particle
can be found.

And the charge can be determined as positive or negative by the
direction of the deflection.

. Example 7:
A particle of charge +e follows a track of radius 0.4m in a
perpendicular field of 4 Tesla. Find the momentum of the particle.

Answer:

p = Bgr = 4x1.6x10°%0.4 = 3x10-¥ kgms!

However charged particles never travel in a circle in a cloud or

bubble chamber. They slow down (lose energy) as they travel

through the medium:

(a) they lose energy through ionisation

(b) charged particles emit e.m. radiation as. they accelerate — in this
case they are accelerating because they are changing direction
in the magnetic field.

This loss of speed causes the particle to spiral inwards. This effect
is shown for an electron in the diagrams below.

h As a charged particle in a magnetic field slows down,
the radius of its path decreases.
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Standard particle paths observed:

) (a) Electrons and positrons curve in opposite directions in the magnetic
‘ field.

(b) An electron loses energy quickly through e.m. radiatien, and it spirals
inwards in the applied field.

(c) A particle coming to rest leaves a dense track near the end, as its
ionising power increases.

(d) A neuiral particle (which cannot be seen) decays into two charged
@ particles which travel in straight lines in the absence of a magnetic

@
© ‘
field.
(e) A charged particle has emitted a neutral particle (unseen) and
©

changed direction (conservation of momentum).

Practice Questions

1.

An alpha source produces the following pattern in a cloud chamber. Explain what is happening.

Alpha Source

2. Find the radius of curvature of the track of a positron as it travels through an applied field of flux density 4.5 Tesla. The instantaneous

momentum of the positron is 6.5x10"%kgms.

An alpha source in an ionisation chamber has an activity of 16 000 Bg. The ionisation current in the external circuit is measured as
1.9%10-2A.,

(a) Find the number of ion-pairs created by each alpha particle.

(b) If it takes 35eV to create an ion-pair, find the energy (in eV) of each alpha particle.

(c) Convert this energy to Joules.

Answers

1.

The sample emits alpha rays of a single energy. The nuclei decay into daughter nuclei which are also unstable, and emit alpha rays
of a different energy.

_p_ _65x10"”
"=BgT 45x1.6x107
(@) nelo — 19107
Ae 16000 x1.6 X107

(b) E=740x35 =26 000eV

= 0.90m

= 740 ion-pairs

(¢) E=26000x1.6x10"" =4.2x1015]
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Wave—Particle Duality - the Electron

This Factsheet explains how e ectrons, which are usualy considered to
behave like tiny particles of matter, can also behave like wavesin certain
situations.

Thewaveparticleduality of electronswill bringtogether ideasfrom several
different areas of physics. Referencewill be madein this Factsheet to the
ideas covered in Factsheet 01 Quantum Nature of Light and Factsheet 17
Basic Wave Properties.

What isan electron?

Thereisno easy answer to thisquestion asel ectronscan behavein different
waysin different circumstances. An electronisusually consideredtobea
fundamental particleof matter. Asaparticle, an electron showsproperties
that we associate with particles - that is, it will experience a change in
momentum if aforceisapplied. Thisisshown by an electron accelerating
wheninsidean electric or magneticfield.

The property of an electron that allows it to accelerate when a force is
appliedisitsmass. An electron hasamass, and so it will accelerate when
aforceisapplied; thisis governed by Newton's second law of motion.

Aswill beexplainedinthisFactsheet, an el ectron can al so behaveasawave
in certain situations. In particular it isrelatively easy to show an electron
diffracting through agap and producing aninterferencepattern - properties
associated with waves. The ambiguous behaviour of the electronisknown
as wave—particle duality.

= Wave-Particle Duality
Wave particleduality istheability of what wenormally consider tobea
particletobehaveasawave, and theability of what weusually consider
awavetobehaveasaparticle. Whether somethingwill behaveasawave
or asa particle dependson the situation that it is placed in.

How arethe wave nature and particle nature of the electron linked?
In 1924, a young physicist called de Broglie explained how the particle
natureandwavenatureof all materials, including electronswerelinked. He
used two equations that you will have come across before:

E=mc> andE= hf where: E= energy (J)
m = mass (kg)
¢ = speed of light = 3.0 x 10° ms?
h = thePlanck constant = 6.63 x 10 Js
f = frequency of wave (Hz)

DeBroglienoti cedthat theexpress onmc couldbeusedtorepresent momentum,
asmomentum =massx velocity. Usingthesymbol, p, to represent momentum
he proposed that the particle property of momentum was linked to the wave
property of wavelength for al materias by the relationship;

where: p = momentum (NSs)
h = Planck's constant = 6.63 x 10%Js
A = wavelength (m)

_h
P=7

DeBrogliemodestly called thisthedeBroglieeguation and thewavelength,
2, hecalled the de Brogliewavelength.

@= ThedeBroglie Equation
Thewavel ength associ ated with the wave properties shown by a particle
isgiven by the de Broglie Equation;

h where:  p = momentum of particle(Ns)

P h = the Planck constant = 6.63 x 10°*Js
A = wavelength (m)

Typical Exam Question
(a) Explain what is meant by the term wave particle duality.  [3]
(b) Calculate the de Broglie wavelength of a football of mass

0.15kg travelling at a speed of 8.0 ms™. [2]
(c) Comment on your answer to part (b). [1]
Answer

(a) Waveparticleduality istheability of what we normally consider to be
aparticletobehaveasawave v, and theability of what we usually
consider a wave to behave asa particle.v’

Whether something will behaveasawaveor asaparticledependson
thesituationthat itisplacedin.v’

(b) Thisanswer involvesa straight forward substitution of valuesinto the
deBroglieeguation, remembering that momentum= mass xvelocity.
Remember al soto quoteyour answer tothesamenumber of significant
figuresasisgiven in the question, in this case 2.

_h _(663x10%) ,_ e
A== i ag YT B5X10%m

(c) This wavelength is extremely small, and the football would show
negligiblewave properties. v/

Consider theenergy in each of theseequationsto beequivalent, sothat they
can be equal to each other.

mc?= hf

Now, from the wave equation, ¢ = fA let us substitute for frequency,

_c
=7

Thisgivesus. mc*= %
mc =

where A = wavelength (m)

which smplifiesto: 2

Exam Hint: Alwayslook at the number of marks given for a question
thatinvolvesawritten, descriptiveanswer. Thishel psyoutodecidehow
much detail to give in the answer. Part (a) of this last typical exam
question has three marks and so the answer involves making three
important points; each important point merits a mark.

—nm-—m— e -— e
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Demonstrating the wave nature of an electron

Thislast typical exam question demonstrateswhy wedo not usually observe
thewavepropertiesof ‘ everyday’ particles; their wavelengthisso small that
itisinsignificant. Thisisnot the casewith electrons. Electronshaveavery
small mass, which means that their momentum is so small that their
wavelengthislarge enough to besignificant.

One way of demonstrating the wave nature of electrons isto show them
diffracting through asmall gap. Thesmall gap used in the apparatus shown
below isthe spacing between carbon atomsin avery thin sample of carbon
in the form of graphite.

largeaccelerating p.d.
/ supplied by this source
High ¢
voltage
supply o
thin graphite sample
T‘I
small pd L 0
U%d to heﬂ pOS| tive
up the anode
cathode heated cathode fluorescent
(source of electrons) screen

Theelectronsareemitted fromtheheated cathodeinsidetheevacuated tube.
They arethenaccel erated acrossafew thousand voltsof potential difference
towardsthepositiveanode. Someof thefast moving electronspassthrough
theholeinthe anode and head towardsthe thin sampl e of graphite. Having
passed through the graphite, they then strike the fluorescent screen at the
end of theevacuated tube, causingthescreentoglow inatypical interference
pattern consisting of bright and dark regions.

Looking at the end of the tube, the illuminated pattern on the fluorescent
screen lookslikethefollowing:

——
g .

/ pr—— ;k‘kx bright regions, areas

“\\ . of constuctive
) A/*\X interference
! j |

darker regions, = %, _
areas of destructive
interference

Two wave properties are demonstrated by this pattern:

1. Diffraction. Theorigina beam of electronsis narrow and focussed as
it passes through the graphite. The electrons spread out as they pass
through the graphite, showing a broad area of illumination on the
fluorescent screen.

2. Interference. The pattern of illumination on the screen clearly shows
apatternof concentricrings. Thedarker regionsareareasof destructive
interferenceandthebrighter regionsareareasof congtructiveinterference.

This experiment also tells us something about the molecular structure of
graphite. For any noticeablediffraction of awaveto occur, the gap that the
wave passesthrough must be of acomparable sizeto the wavel ength of the
wave. Therefore, if the momentum of the electron, and henceitswavelength,
can be calculated, then an estimate for the separation of the atomsin the
graphite can be obtained.

O;zm Electron wave diffraction and atomic spacing

If thewaveassociated withamoving el ectron showsnoticeablediffraction
asit passesthrough athin sample of material, then the separation of the
atoms of the thin material, will be approximately the same size asthe
wavelength of thewave.

O,-zm Evidence for particle properties of an electron

The diffraction experiment described above also demonstrates the
particlepropertiesof anelectron. Theel ectron behavesasaparticlewhen
itisaccelerated by thelargeel ectricfield caused by high p.d. betweenthe
cathode and the anode.

Typical Exam Question

(a) Consider anéelectronthatisacceleratedthroughalargepotential
differencesothatitisgiven akineticenergy of 1.8x 1016J. Given
that themassof an electron is9.11 x 103k g, calculatethe speed
of the electron. [2]

(b) Calculate the wavelength associated with this electron.  [2]

(c) Thiselectron is seen to diffract when it passes through a thin
specimen of graphite. What can you deduce about the atomic
spacing of the atoms of carbon in the graphite sample?  [1]

(d) Electrons can also be used to diffract around atomic nuclei.
Explain why the electron used in this question would need to
have a much bigger kinetic energy if it isto show a diffraction
pattern from an atomic nucleus. [3]

Answer
(a) Inorder toanswer thisquestionthefamiliar expressionthatincludes

kinetic energy and speed is needed;

kinetic energy = Yamv2. v/

2 (Q(18x10%) 14

V2= (911 x107) v'=3.95 x 10

v=199 x10"ms'v
(b) WearenowinapositiontosubstitutevaluesintodeBroglie sequation

_h_ (6.63 x 10%) _ o
A= 07 (e x109x 199 x107)" - &7 X107 mv

(c) The atomic spacing must be approximately the same size as the
wavel ength. v/

(d) The atomic nucleusis much smaller than the atom. v/
For noticeablediffractiontooccur thewavel ength of thee ectronmust
be much smaller v/
deBroglie sequationmeansthat asmall wavel engthrequiresalarger
momentum v’
Alarger momentumrequiresathe electron to have alarger kinetic
energy. v’

——————— e
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Qualitative (Concept) Test

(1) Explain what is meant by the term “wave-particle” duality

(2) State some evidence that showsthat electrons can behave as particles.

(3) State some evidence that shows that el ectrons behave as waves.

(4) An electron shows noticeable diffraction when passing through agap.
(@ What can be said about the size of the gap compared to the

Exam Workshop

Thisisatypical weak student’s answer to an exam question. The
commentsexplain what iswrongwith theanswer sand how they can
beimproved. The examiner’s answer is given below.

The spacing of atomsin a thin crystal sampleis 1.2 x 10°m.

- a1 wavelength of the electron?
EZ?CET selc?)cl;[;?nt :9.61%5:;( xlgoglf % s (b) How doesthiseffect helpto reveal thesizeof atomic spacing when
: using electrons?

(a) Estimate the speed of electrons that would give appreciable

diffraction with this crystal. [3] Quantitative (Calculation) Test
h_ 6.63x10%

p=1= = 553 % 10% s 23 Inthefollowing cal culationstakethemassof anelectrontobe9.11x 103 kg,
A 1l2x10%v ’ Planck’s constant to be 6.63 x 10-*Js and the speed of light in avacuum
tobe 3.0 x 10° ms*.

Althoughcreditwouldbegainedfor writtingdeBrogli€' sequationand
alsofor recognising that thewavelength should beapproximately the || (1) Calculatethewavelength of an electron travelling with amomentum of
samesizeastheatomicspacing, thisstudent hascal culated momentum, 4.7 % 10? Ns. [2]
whenthequestionhasaskedfor aspeed (thestudent’ smisunderstanding || (2) Calculate the speed with which an electronwill betravelling if it has
is further emphasised by hisher use of units of speed for the an associated wavelength of 1.6 x 10°m. 3]
momentum cal culation). (3) (@) Calculatethemomentumof anelectrontravellinginavacuumat 5%
. . . the speed of light. [1
(b) Stateand explain how the diffraction pattern obse.rved changes (b) Calcul ate the wavel ength of the associated electron wave. [2]
when. the electrons travel through the crystal with a smaller (4) An dectron istravelling with akinetic energy of 1.5 x 10 J.
velocity o (3] (8) Calculatethe speed with whichthe electronistravelling.  [2]
Thediffraction patternisbigger. 13 (b) Calculate the momentum of the electron. [2]

(c) Calculatethewavelength of the associated el ectron wave. [2]
What the student has said is correct as the diffraction pattern would

be spread out over alarger region. However, no explanation hasbeen Quantitative Test Answers
given and so, at best, 1 out of 3 marks can be gained.

34
(1) =P = 663x10% ) 4 qg0omy

) ) ) p 47x10%
(c) Givetwo piecesof evidenceto demonstrate that electrons have
particle properties. (2] - h_ 663x10% 24
They have mass. 0/3 @ A 16x10% 414 x10% mv
- - - - - _ p_ 414x10* _ 4 10610y
Although massis a property associated with particles this response V="m~ 911ix10% S x SV
does not answer the question. The question asksfor evidence of the
particle properties. 3) (a) v= —130 x (3x10%) = 1.5 x10" m/s v/
Examiner’'s Answers '
_h_ 6.63 x 10°* _ 1
Q) p=1=888x10% 53, 10uNsv (b) 2= P~ (9.11x10% x15x107) ~ 49x10%m
@P=3= " ox10®
2 (4) (a) kinetic energy = Yamv?
V= £ = QS—ff ngm =6.1x10°m/sv ) ( 15 x 10—16) v "
m . X Ve = (2)(911—mz 3.29 x 10
(b) The momentum of the electronsis smaller v/ v =181 x 10" m/sv’
The associated de Broglie wavelengthislarger. v/ v v
Morediffractionisseenwith alarger wavel ength and sothespacing (b) p=mv=(9.11 x 10 *)(1.81 x 10") = 1.65 x 10% Ns
of the fringes would increase and the pattern would cover a larger
e (0 A=tz 888XI0% 46, 10umy
(c) Electronscanbeacceleratedinanelectricfield v/ p 165x10%

electrons can be deflected by amagneticfield. v/
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