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Circumference circle = 2 r 
Distance trav  = ¼ * 2 r 
 
WD = Fd 
        =   d*mv2/r 
 
Sub in eq to give B 
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7.1 Current-carrying conductors in a magnetic field  

Specification link-up 3.4.5: Magnetic flux density  
 
How can we measure the strength of a magnetic field?  
 
Upon what factors does the magnitude of the force on a current-
carrying wire depend?  
 
How is the direction of the force found for a current-carrying wire in 
a magnetic field?  
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The Earth’s Field 

The Earth's magnetic field is similar 
to that of a bar magnet tilted 11 
degrees from the spin axis of the 
Earth.  However, the Earth is not 
solid inside so the field does not 
come from that. 

Instead there is dynamo effect of circulating electric current, but it is not constant in 
direction. Rock specimens of different age in similar locations have different directions of 
permanent magnetization. Evidence for 171 magnetic field reversals during the past 71 
million years has been reported.  
 
Although the details of the dynamo effect are not known in detail, the rotation of the 
Earth plays a part in generating the currents which are presumed to be the source of the 
magnetic field. Mariner 2 found that Venus does not have such a magnetic field although 
its core iron content must be similar to that of the Earth. Venus's rotation period of 243 
Earth days is just too slow to produce the dynamo effect. 
 
Interaction of the terrestrial magnetic field with particles from the solar wind sets up the 
conditions for the aurora phenomena near the poles.  
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Electric Current 

Electric current is the rate of charge flow past a given point in an electric circuit, 
measured in Coulombs/second which is named Amperes. 
 
In most DC electric circuits, it can be assumed that the resistance to current flow is a 
constant so that the current in the circuit is related to voltage and resistance by Ohm's 
law.   
 
The standard abbreviations for the units are 1 A = 1C/s.  
   

 



Mr Powell 2008 
Index 

Fleming's left hand rule (for electric motors) shows 
the direction of the thrust on a conductor carrying a 
current in a magnetic field. 

 
1. The First finger represents the direction of the 

Field.  
 

2. The Second finger represents the direction of the 
Current [conventional current, positive(+) to 
negative(-).  
 

3. The Thumb represents the direction of the Thrust 
or resultant Motion.  

 
This can also be remembered using "FBI" and moving 
from thumb to second finger. 
 
1. The thumb is the force F 
2. The first finger is the magnetic field B 
3. The second finger is the current I 

 
Use: Left for Motors,  Right-hand for Generators! 

Fleming‘s LH Rule 
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Measuring the Force on a Current Carrying Wire 
Place a U shaped magnet over the 
wire frame. 
 
Now vary the current flow. A graph 
of the force (on the y-axis) against 
the current. The graph should be a 
straight line through the origin, in 
accordance with the equation; 
 

F = BIL.  
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How does a DC Motor work... 



Mr Powell 2008 
Index 

Magnetic Field in DC Motor 
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DC Motor Operation 
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DC Motor 
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Force in DC Motor 
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Torque in DC Motor 
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Plenary 

Answer the following questions using text, diagrams and formulae as 
you see fit. If there is not time to finish in the lesson make sure this is 
completed for homework. It may take half a page for each question… 
 
1. How can we measure the strength of a magnetic field?  

 
2. Upon what factors does the magnitude of the force on a current-carrying 

wire depend?  
 

3. How is the direction of the force found for a current-carrying wire in a 

magnetic field?  
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C 

Use FLEM RH FBI 
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7.2 Moving charges in a magnetic field  

Specification link-up 3.4.5: Moving charges in a magnetic field  
 
What happens to charged particles in a magnetic field?  
 
Why does a force act on a wire in a magnetic field when a current 
flows along the wire?  
 
What equation can we use to find the force on a moving charge?  
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The Electron 
 The electron was first discovered in 1898 by Sir John Joseph Thomson. Almost 112 years 
ago J.J. Thomson was at Cavendish Laboratory at Cambridge University. Thomson was 
investigating 'Cathode Rays' which had been a puzzle for a long time. Through his 
experiments Thomson put forward a then controversial theory in which the 'Cathode Rays' 
were made up of streams of particles much smaller than atoms, Thomson called these 
particles 'corpuscles'. Thomson mistakenly believed that these 'corpuscles' made up the 
entire atom. This idea was controversial as most people at this time thought that the atom 
was the smallest particle in matter and was divisible.  
 
Thomson's theory was not explicitly supported by his experiments. It took more 
experimental work by Thomson and others to conclusively prove the theory. The atom is 
now known to contain other particles as well. Yet Thomson's bold suggestion that 'Cathode 
Rays' were material constituents of atoms turned out to be correct. The rays are made up 
of electrons: very small, negatively charged particles.  
 
The German physicist Heinrich Hertz passed the rays through an electric field created by 
metal plates inside a cathode ray tube, the rays were not deflected in the way that would 
be expected of electrically charged particles. Hertz and his student Philipp Lenard also 
placed a thin metal foil in the path of the rays and saw that the glass still glowed, as though 
the rays slipped through the foil. Didn't that prove that cathode rays were some kind of 
waves?  In 1897, drawing on work by his colleagues, J.J. Thomson set out to prove his 
theory by performing three experiments 
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1) Electrons by Perrin Tube 

In a variation of an 1895 experiment by Jean 
Perrin, Thomson built a cathode ray tube 
ending in a pair of metal cylinders with a slit in 
them. These cylinders were in turn connected 
to an electrometer, a device for catching and 
measuring electrical charge.  
 
Perrin had found that cathode rays deposited 
an electric charge. Thomson wanted to see if, 
by bending the rays with a magnet, he could 
separate the charge from the rays.  
 
He found that when the rays entered the slit 
in the cylinders, the electrometer measured a 
large amount of negative charge.  
 
The electrometer did not register much 
electric charge if the rays were bent so they 
would not enter the slit. As Thomson saw it, 
the negative charge and the cathode rays 
must somehow be joined together. 
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2) A Curved Beam... 

All attempts had failed when physicists tried to bend cathode rays with an electric field. 
But, Thomson thought of a new approach. A charged particle will normally curve as it 
moves through an electric field, but not if it is surrounded by a conductor (a sheath of 
copper, for example). Thomson suspected that traces of gas remaining in the tube were 
being turned into an electrical conductor by the cathode rays themselves. To test this 
idea, he took great pains to extract nearly all of the gas from a tube, and found that now 
the cathode rays did bend in an electric field after all.  
 
J.J. Thomson concluded from these two experiments, "I can see no escape from the 
conclusion that cathode ray are charges of negative electricity carried by particles of 
matter." But, he continued, "What are these particles? Are they atoms, or molecules, 
matter in a still finer state of subdivision?" 
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Experiment 3 

Thomson's third experiment sought 
to determine the basic properties of 
the particles. Although he couldn't 
measure directly the mass or 
electric charge of such a particle, he 
could measure how much the rays 
were bent by a magnetic field, and 
how much energy they carried.  
 
From this data he could calculate 
the ratio of the electric charge of a 
particle to its mass (e/m). He 
collected data using a variety of 
tubes and using different gases. 
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Variables & Equipment.. 

The equipment below is a standard 
set for calculating e/m based on the 
use of crossed e fields and b field. 
 
An electron is emitted by a heater 
element 6V. Then accelerated by V1 
and controlled by a field V2 & Field 
created by coils. When in balance 
certain formulae are true. 
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Maths on a Fine beam tube 

1. If the electron beam does not 
deviate then e & b fields are equal.... 
 

2. Also the kinetic energy of electron is 
due to the e-field... 
 

3. Using Eq1 & 2 you can eliminate v 
from the equation to produce this... 
 

4. We also know an electric field E = 
V2/d. 
 

5. Using this form we can vary the 
accelerating voltage and must 
change B and V2  to keep a balance 
point. Then plot a graph of V2 
against B2. 
 

6. The B field can be measured with a 
hall probe or calculated. 
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Method 1 Example Calculation 
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Fine beam tubes... 

Thomson's third experiment sought to 
determine the basic properties of the 
particles. Although he couldn't 
measure directly the mass or electric 
charge of such a particle, he could 
measure how much the rays were 
bent by a magnetic field, and how 
much energy they carried.  
 
From this data he could calculate the 
ratio of the electric charge of a 
particle to its mass (e/m). He collected 
data using a variety of tubes and using 
different gases. 
 
There are two main experiments to 
be familiar with which we can obtain 
experimental data from. 
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Fine beam tubes.... 

Another way of determining e/m is to use the fine 
beam tube method.  
 
In this method electrons are produced by thermionic 
emission, and then accelerated inside a sphere 
containing nitrogen gas at a low pressure.  
 
When the electrons strike a nitrogen molecule they 
cause it to emit green light.  
 
Either side of the sphere there are a pair of magnetic 
coils, placed to provide a uniform magnetic filed 
inside the sphere.  
 
The magnetic field causes the electrons to be 
deflected, if the field is strong enough then the 
electrons will orbit in a circle.  
 
The gas is at low pressure so as not to scatter the 
electrons so they will not form a beam  
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Forces & Momentum 

the particle is moving at right angles to the field, then 
the left hand rule shows that the force will always be 
at right angles to the direction of motion.  
 
This means that the particle (electron) will move in a 
circle of radius r. 
 

Centripetal force = Bev = mv2/r 
 
Momentum         = mv = Ber 



Mr Powell 2008 
Index 

Maths on a Fine beam tube 

Using a magnetic field to drive an electron round in a circle can give 
information about the acceleration. The magnetic force acting is 
 
and the force required to drive it round in a circle is given by 
 
You can put these two equal to get 
 
So three measurements can give the charge / mass ratio of the 
electron. Both the radius of the circular motion and the magnetic field 
strength can be measured in a fairly straightforward way. The 
measurement of the velocity, however, is harder. 
 
Electrons are accelerated by an electron gun. So at first sight it looks 
as if you need q and m to get started. However, maths comes to our 
aid, allowing you to combine the two sets of relationships to get 
(arrange both relationships to give v2 then put them equal). 
 
Now we can measure three things in the laboratory in order to find 
the charge to mass ratio for the electron. By extension you measure 
the charge / mass ratio for any charged particle, allowing you to 
characterise many particles. 
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Helmholtz Coils 

The strength of the magnetic field (B) can be 
calculated by the formula  
 
µ0 =4 ×10-7 Hm-1  
 
N = Number of coils   
 
I = Current through coil  
 
R = radius of coil 
 
Each coil has a moulded plastic former 
152mm diameter with 320 turns of 22 s.w.g. 
enamelled wire giving a mean diameter of 
136mm. 

22

2

Br

V

m

q


R

NI
B

R

NI
B

o

o





716.0

55

5







Mr Powell 2008 
Index 

Real Experiment 
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Method 2 

R

NI
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Now use the data on the 
next interactive 
experimental slides to 
fill in the table as shown 
the important data has 
already been added for 
you... 
 

o = 4  x 10-7 

N = 200 turns 
Radius coil = 0.17m 
Resistance coil = 8.2  
 
Finally plot an 
appropriate graph to 
find an “average” 
graphical value for e/m 
then prove the units of 
e/m from the axis units 
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Va (Volts) 
Radius 
beam 

(m) 
I (A) R (wires Turns 0.72 o B (T) e/m (CKg-1) 

122.00 0.06 

156.00 0.07 
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Example Data 

R

NI
B o72.0
o = 4  x 10-7 

N = 200 turns 
Radius coil = 0.17m 
Resistance coil = 8.2  

mxy
m

e
V

Br











2

22

Va (Volts) 
Radius 
beam 

(m) 
I (A) R (wires Turns 0.72 o B (T) e/m (CKg-1) 

122.00 0.06 0.56 0.17 200.00 9.05E-07 5.96E-04 2.38E+10 

156.00 0.07 0.56 0.17 200.00 9.05E-07 5.96E-04 3.04E+10 

212.00 0.08 0.56 0.17 200.00 9.05E-07 5.96E-04 4.13E+10 

263.00 0.09 0.56 0.17 200.00 9.05E-07 5.96E-04 5.12E+10 

330.00 0.10 0.56 0.17 200.00 9.05E-07 5.96E-04 6.43E+10 

392.00 0.11 0.56 0.17 200.00 9.05E-07 5.96E-04 7.63E+10 

460.00 0.12 0.56 0.17 200.00 9.05E-07 5.96E-04 8.96E+10 

550.00 0.13 0.56 0.17 200.00 9.05E-07 5.96E-04 1.07E+11 
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Graphing 
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LINAC 

A LINear ACcelerator or LINAC, is a particle accelerator which accelerates 
charged particles - electrons, protons or heavy ions - in a straight line.  
 
Charged particles enter on the left and are accelerated towards the first drift 
tube by an electric field.  
 
Once inside the drift tube, they are shielded from the field and drift through 
at a constant velocity.  
 
When they arrive at the next gap, the field accelerates them again until they 
reach the next drift tube.  
 
This continues, with the particles picking up more and more energy in each 
gap, until they shoot out of the accelerator on the right. 
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LINAC - detail 

LINACs can be used to many GeV 
and the key point is that you must 
keep the frequency of the supply in 
phase with the velocity of the 
electrodes. The method is simply to 
make each electrode longer so the 
time they spend in each electrode is 
kept constant. 
 
This diagram does not show the 
shielding or the vacuum tube.  
 
The electrodes are connected 
alternately and at peak voltages 
reach their maximum opposite 
charges. 
 
There is not field inside the tubes 
just at the ends 
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Synchrotron 
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Investigating Particle Structures 
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Synchrotrons... 

Cyclic particle accelerator in which the particle is confined to its orbit by 
a magnetic field.  
 
The strength of the magnetic field increases as the particle's momentum 
increases.  
 
An alternating electric field in synchrony with the orbital frequency of 
the particle produces acceleration. 
 
 Synchrotrons are named according to the particles they accelerate. The 
Tevatron, a proton synchrotron at the Fermi National Accelerator 
Laboratory in Illinois, U.S., produces the highest particle energies 
achieved so far. 

http://www.diamond.ac.uk/ 
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Plenary 

Answer the following questions using text, diagrams and formulae as 
you see fit. If there is not time to finish in the lesson make sure this is 
completed for homework. It may take half a page for each question… 
 
1. What happens to charged particles in a magnetic field?  

 
2. Why does a force act on a wire in a magnetic field when a current flows 

along the wire?  
 

3. What equation can we use to find the force on a moving charge?  
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7.3  Charged Particles in Circular Orbits 

Specification link-up 3.4.5: Moving charges in a magnetic field  
 
What happens to the direction of the magnetic force when 
electrons are deflected by a magnetic field?  
 
Why do the moving charges move in a path that is circular?  
 
What factors affect the radius of the circular path? 
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Plenary 

Answer the following questions using text, diagrams and formulae as 
you see fit. If there is not time to finish in the lesson make sure this is 
completed for homework. It may take half a page for each question… 
 
What happens to the direction of the magnetic force when electrons are 
deflected by a magnetic field?  
 
Why do the moving charges move in a path that is circular?  
 
What factors affect the radius of the circular path? 

……?  
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Particle Accelerators and Detectors I 

Particle accelerators and their uses general overview of principles and problems of 
achieving high energy particles and the reason for their development in the context of 
research into fundamental particles. 
 

Principle of a cyclotron including knowledge of the cyclotron frequency 
 
Qualitative understanding of the operation of a synchrotron. 
 
Candidates should have a knowledge of the problem caused by relativistic increase in 
mass when accelerating particles. No quantitative work on relativity is expected. 
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Cyclotron 

In 1932 an American Physicist, 
Ernest Lawrence devised a 
different type of accelerator 
which he called the cyclotron.  
 
Built in 1934 by E.O Lawrence 
and M.S Livingstone. This 
machine was circular, the first 
one only a few centimetres 
across, he later built one with a 
diameter of 1.5 m.  A simple 
drawing of a cyclotron is shown 
below.  
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Cyclotron 

It is basically a circular evacuated chamber cut into 
two D shaped halves with a high voltage (V) across 
the gap.  
 
The particles are injected at the centre and a 
magnetic field (strength B) is applied across the 
whole of the apparatus perpendicular to the Ds so 
that the particles are deflected into a circular path.   
 
They start at the centre and are given a kick every 
time they cross the gap between the Ds as the 
voltage alternates 
 
The energy gain is qV for ions of charge q for each 
time. As they gain energy from the electric field 
their velocity increases and so the radius of their 
path increases.  
 
This meant that they travel in an ever growing 
spiral until they emerge at the edge of the 
apparatus and hit a target. 
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Cyclotron 

It is interesting to consider the frequency of the 
accelerating voltage as the energy of the particles 
gets greater. We can think of it two different ways in 
terms of the period or frequency and using “q” or 
“e”.  
 
Also we find that the period is independent of the 
radius. 
 
The frequency of oscillation of the voltage must also 
match the Period  of the particles as they circle. i.e. 
be in phase. 
 
So if a square wave voltage is applied at an angular  
frequency  Bq/m, the charge will spiral outward, 
increasing in speed.   
 
Now we have an expression for the frequency in 
terms of field, charge and mass. But this will only be 
accurate if the velocities are not relativistic.  
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Cyclotron 
This expression is known as the Cyclotron 
Frequency 
 
Which has a maximum when the charged 
particles exit the cyclotron on the last half 
turn 
 
In fact we can say that the maximum 
velocity of the particles will be found as… 
 
Hence the maximum kinetic energy of the 
particles will be… 
 
So the Max KE in fact is proportional to the 
field, charge and radius  squared of the 
particles and inversely proportional to the 
mass. 
 
This is fine for low speeds but when you 
start to approach the speed of light then 
you have issues! 
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3D View - Cyclotron 

The accelerating electric field reverses just at the time that the electrons 
finish their half circle so that it accelerates them across the gap.  
 
With higher speed they move in a larger semicircle. After this process 
several times they come out the exit port at a high speed. 
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More on Frequency – Relativistic Ideas 

If we consider an accelerator with a voltage of 
50Mev this is a speed of  1 x 108ms-1 for a 
proton. This is about 1/3 of the speed of light. 
 
Relativity formulae suggest that when protons 
travel at this speed the mass of a proton 
increases by about 6%. This means that the 
mass increases and so does the time to 
complete the path around each half D.  
 
This means that at very high speeds the 
synchronisation of the a.c. voltages across the 
gaps must take this into account and be 
adjusted accordingly to keep in “synch”  
 
You can see from this that m requires a scaling 
factor taking into account its added “mass” at 
such high speeds. Also the higher it goes then 
more it scales and the faster the frequency is.. 
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Practice Questions... 

1. Lawrence, the inventor of the cyclotron 
produced an early model with a 
diameter of 25cm. It could accelerate 
protons up to energies of approximately 
1MeV. Calculate 
 
a) The speed of the protons it 

produced 
b) The flux density of the field 

required 
c) The frequency at which the p.d. 

across the D’s must change.  

pm= 1.7 x 10-27kg 
e- = 1.6 x 10-19C 
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Practice Questions... 

1. Lawrence, the inventor of the cyclotron 
produced an early model with a 
diameter of 25cm. It could accelerate 
protons up to energies of approximately 
1MeV. Calculate 
 
a) The speed of the protons it 

produced 
b) The flux density of the field 

required 
c) The frequency at which the p.d. 

across the D’s must change.  

pm= 1.7 x 10-27kg 
e- = 1.6 x 10-19C 
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Practice Questions... 

1. Lawrence, the inventor of the cyclotron produced an early model with 
a diameter of 25cm. It could accelerate protons up to energies of 
approximately 1MeV. Calculate 
 
a) The speed of the protons it produced 
b) The flux density of the field required 
c) The frequency at which the p.d. across the D’s must change.  

pm= 1.7 x 10-27kg 
e- = 1.6 x 10-19C 
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Cyclotron Example Question 
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Cyclotron Example Answers 

KE = 1/2 mv2 = 0.5 x 3.3 x 10-27kg x (3.4 x 107ms-1)2 

KE = 1.9 x 10-12J 
KE = 11.875 MeV 
KE = 12MeV 

 = 2 f 
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Bubble Chamber Exam Question... 

NB: at about 0.1c 
relativistic effects can 
be ignored 
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Bubble Chamber Self Test 

NB: at about 0.1c relativistic effects can be ignored 

At a particular point along its track in a bubble chamber, an  particle  
(m=6.64x10-27kg, q 2e = 3.2 x 10-19C has a radius of curvature of 
3.155m.  The magnitude of the bubble chambers magnetic field is 
0.19T. Determine the speed of the  particle at this point. Show 
your full working out.  

p=mv = qBr,  v = p/m   
 
so qBr / m = v  = (3.2 x 10-19C x 0.19T x 3.155m) / 6.64 x 10-27kg 
 
v=  2.9 x 107ms-1 
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Find T period 
 
 
Then distance/vel 
 
 
 momentum = BqV 
 
Sub in and rearrange 

Or think of T  2 /f & m  
 
Also if m is bigger then 

the time must be 
longer so D! 
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Mass Spectrometers 

Particle accelerators and their uses general overview of principles and problems of 
achieving high energy particles and the reason for their development in the 
context of research into fundamental particles. 
 
Mass spectrometer: principles and understanding of its use to analyse the relative 
abundance and masses of nuclides. 
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What does it do? 

The mass spectrometer or mass spectrograph was developed in the early 
part of the last century to determine the comparative masses of ionised 
atoms and later the relative abundance of isotopes.  
 
Here is a simplified diagram of the operation; 
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How does it work.... 

qvBF  .
2

r

mv
F 
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How does it work.... 

m
v

Ber

r

mv
BevF




2



Mr Powell 2008 
Index 

Complex version 90  
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More useful maths... 
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Alternate View 

A velocity selector is 
used with mass 
spectrometers to select 
only charged particles 
with a specific velocity 
for analysis.  
 
It makes use of a 
geometry where 
opposing electric and 
magnetic forces match 
for a specific particle 
speed.  
 
It therefore lets through 
undeflected only those 
particles with the 
selected velocity. 
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Results... 

The image is a mass spectrometer analysis of the residual gases remaining in 
a high vacuum system after pumping. The water, carbon monoxide and 
carbon dioxide are commonly the remaining gases in laboratory high 
vacuum systems.  
 
The largest signal was from molecular hydrogen, with a peak height almost 
three times that of carbon monoxide. The peak at 19 had been puzzling to 
the experimenters until they had determined that Teflon releases some 
fluorine at those temperatures, so the source was apparently the Teflon 
insulation on wires inside the vacuum.  
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Krypton Gas Isotopes 
78Kr 0.356% 

80Kr 2.27% 

82Kr 11.6% 

83Kr 11.5% 

84Kr 57.0% 

86Kr 17.3% 

The relative abundances of the isotopes of an element may 
be obtained with a mass spectrometer.  
 
A weighted average of the isotopes below gives 83.8 u, the 
accepted atomic mass of krypton which appears in the 
periodic table. Other isotopes of krypton are known, but 
they do not appear in natural samples because they are 
unstable (radioactive).  
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Questions... 

Answers 
a) Ideas of crossed E & B field leads 

to particles being deflect by 
different amounts depending on 
their velocity. 

b) r=mv/qB 
c) Down into the plane of the page 
d) r = 0.398m, diameter 0.8m 
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Q1 Jun 06 

The image shows the main components of a mass spectrometer.  Clearly mark on 
the image the shape and direction of the electric field between the plates in the 
velocity selector. (2 marks) 
 
 
 
(b) Suggest the purpose of the two slits. (1 mark) 
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Q1 Jun 06 

(c) In shaded regions R and S, uniform magnetic fields are applied so that the beam of 
positive ions is undeflected in R and then deflected into a circular path in S. 
 
(i) Clearly state the directions of the magnetic fields in regions R and S.   (2 marks) 
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Q1 Jun 06 

(c) In shaded regions R and S, uniform magnetic 
fields are applied so that the beam of positive 
ions is undeflected in R and then deflected into a 
circular path in S. 
 
(ii) Using appropriate equations, explain why 
positive ions passing through the second slit have 
the same velocity whatever their mass. (6 marks) 
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Q1 Jun 06 

(c) In shaded regions R and S, uniform magnetic fields are applied so that the beam of 
positive ions is undeflected in R and then deflected into a circular path in S. 
 
(iii) Explain what happens to ions that move more slowly than the ones passing through the 
second slit.  (2 marks) 
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Q1 Jun 06 

(d) An ion with a charge of +3.2 × 10-19 C leaves the second slit with a velocity of 
3.0 × 106 ms-1. The mass of the ion is 2.59 × 10-25 kg and the magnetic flux 
density in region S is 2.40T. Calculate the radius of its path.   (4 marks) 
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