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 To be able to explain how different particle 
accelerators work.

 To be able to explain the role of magnetic fields in 
particle accelerators.

 How the magnetic force provides the centripetal 
force in particle accelerators. 

Purposes of this presentation…



Why have particle accelerators?

They enable similarly charged particles to get close to each 
other - e.g. Rutherford blasted alpha particles at a thin piece of gold 

foil, in order to get the positively charged alpha particle near to the 
nucleus of a gold atom, high energies were needed to overcome the 
electrostatic force of repulsion.

The more energy given to particles, the shorter their de Broglie 
wavelength (λ = h/mv), therefore the greater the detail that can 
be investigated using them as a probe e.g. – at the Stanford 

Linear Accelerator, electrons were accelerated to high energies and 
smashed into protons and neutrons revealing charge concentrated at 
three points – quarks. 

E = mc2

Colliding particles together, the energy is re-distributed 
producing new particles. The higher the collision energy the 
larger the mass of the particles that can be produced. 



The types of particle accelerator

Linear Accelerators or a LINAC

Cyclotron

Synchrotron



Basic Principles

All accelerators are based on the same 
principle. A charged particle accelerates 
between a gap between two electrodes 
when there is a potential difference 
between them. 

Energy transferred, Ek = Charge, C x p.d, V
Joules (J) Coulombs (C) Volts (V)

Ek = QV



Converting to electron volts

1 eV  is the energy transferred to an 
electron when it moves through a potential 
difference of 1V.

So if a gas molecule has kinetic energy 
6.21 x 10-21 J, what is its energy in 
electron volts? 

1eV = 1.60 x 10-19J
1) First, using E = QV, we know that E = 6.21 x 10-21J, and that 
the charge of an electron is 1.6 x 10-19 C

2) If we divide energy by the charge of an electron, we will 
have the energy in terms of electron volts.

Therefore: 6.21 x 10-21J   = 0.0388eV = 3.88 x 10-2eV

1.6 x 10-19 C



The Linear Accelerator
In a Linac, there are a series of tubular electrodes connected to an alternating 
voltage. The alternating voltage ensures that the voltage of each electrode 
switches back and forth between positive and negative.

1) When the first electrode is oppositely charged 
to the entering particle (i.e. an electron or a 
proton), the particle accelerates towards it. 

2) There is no electric field inside the tubes, as 
they are hollow conductors. When the particle 
enters the first tube, the voltage is switched so 
that the next tube is oppositely charged, 
therefore it accelerates to the next electrode. 

3) Each time, the same magnitude of voltage is 
applied and so the energy of the particle          
E = n x q x V, is built up in steps without 
needing to increase the voltage. 

^^ An alpha particle 
being accelerated 
through a linear 
accelerator



Because reading is less fun…

Since the 
frequency of the 
oscillating voltage 
is kept constant, 
the electrode drift 
tubes must get 
longer so that the 
particle takes the 
same time to 
travel through 
each electrode.



The advantages of a linear 
accelerator

It makes use of an alternating voltage, which means it 

can easily be stepped up and down using transformers. 

It is easier and cheaper to build since it does not 
require magnets to produce a centripetal force by 
interacting with the charged particle.

If it is used in fixed target experiments, the likelihood of 
collisions is far greater.

It does not require the use of high voltages which 
could cause sparks to jump between the electrodes.



The disadvantages of a linear 
accelerator

The kinetic energy transferred to the particles is limited since 
particles can only travel through the accelerating sections 
once. In order for high energies to be obtained the machines 
must be made longer and longer and this has cost 
implications.

If the linear accelerator is used to accelerate particles at a 
fixed target, only the accelerating particle has momentum 
and kinetic energy. As momentum is always conserved the 
total momentum cannot be zero before the collision, so the 
created particles must be moving. This  means energy is 
used up as the kinetic energy of the new particles, rather 
than the energy used to create the new particle’s mass.



The Cyclotron

The Cyclotron uses a magnetic field to bend charged particles into a 
circular path so that they can be repeatedly accelerated by the same 
electric field. 



The Cyclotron

1) Protons leaving the centre are attracted to the 
negative electrode.

2) The magnetic field bends the proton into a 
semi-circle.

3) While the proton is  travelling this semi-
circular path the polarity of the electrodes 
reverses. When the proton reaches the gap, the 
electric field accelerates the proton forwards 

(because it is oppositely charged).

4) As protons complete each semi-circle, and are accelerated across the gap, they gain 
more and more kinetic energy.

5) The radius of the proton’s path increases in proportion to r = mv/BQ, since it 
travels faster, the radius of its path increases, and so despite travelling faster, it takes 
the same time to travel each semi-circle, so the alternating voltage can stay at the 
same frequency.



The Advantages of a Cyclotron

Particles in a circular accelerator go round many times getting 
multiple kicks of energy.

Higher energies can be achieved using the same voltage but the 
metal dees do not need to be of great length – Ernest Lawrence 
achieved a proton energy of 80keV using a cyclotron with a 
diameter of 11cm! 

The particles go around many times, so if 
two oppositely charged particles are 
accelerated in opposite directions, there are 
many opportunities for collisions. Colliding 
beam experiments also have the highest 
possible collision energy.



The Disadvantages of a Cyclotron

The use of magnets has cost implications.

Einstein’s theory of special relativity states that as objects 
get faster, they get heavier. Therefore if the particles 
travel close to the speed of light, their mass will increase. 
As r = mv/BQ, an increase in mass, will cause the particle 
to have a circular path of a larger radius, therefore it will 
take longer to reach the gap, making it out of step with 
the alternating p.d.

If two particles of the same mass are accelerated in 
opposite directions to the same speed, the total 
momentum before the collision will equal zero, and since 
Ek = p2/2m, there will be no energy left over for the 
creation of new particles.



But where does the centripetal force 
come from?

A particle of charge q, travelling at speed, v, in a magnetic 
field of magnetic flux density B,  perpendicular to the 
direction of travel, experiences a force, F:

F= Bqvsinq

The direction of the force is given 
by Fleming’s Left Hand Rule:



But why do the moving charges follow 
a circular path?

v

F v
F

v
F

e-

e-

e-
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Here we have an electron moving in a 
magnetic field, where the direction of 
the  magnetic field is into the board. 

Using Fleming’s left hand rule we can 
see that the force exerted on the 
electron, where F = BQv, will act 
downwards.

However, the force is always 90˚ to the 
charges direction of motion, the force 
will alter the charges direction of 
motion, but not alter its speed. If the 
direction of motion is changed, the 
force will still act at 90 degrees to the 
direction of motion, causing circular 
motion.

The BQv force provides the centripetal force.



Centripetal Force

The equation for centripetal force is:

If the magnetic force provides the centripetal force then:

The equation for magnetic force is:

F = BQv

r
F = mv2

r

BQv
r

Therefore:

mv2= = mv
BQ

= p

BQ

BQ

r = p



But how long does it take an 
electron to make one rotation?

v = Δs
Δt

So: Δ t = Δs
v

distance

speed
=

The circumference of a circle is 2πr therefore distance = 2πr, and speed 
is v 

2πr
v

T =

But r also equals: p

BQ

So T =
2 π

v
x

mv

BQ

2πm

BQ
=

So the time taken for an 
electron to make one rotation 
equals:

T = 2πm
BQ

As you can see, the time taken for an electron, or any charged particle to make 
a complete rotation a magnetic field of constant magnetic flux density does not 
depend on speed, a faster moving electron moves a circle of larger radius but 
takes exactly the same time to complete a circle.



Worked Exam Question
In a cyclotron, protons are accelerated by a high frequency voltage. A uniform 
magnetic field, of flux density 200mT, causes the protons to follow a circular path 
that increases in radius as the protons gain kinetic energy. Immediately before the 
protons leave the cyclotron, the radius  of their circular arc is 1.5m. 

Proton Charge = 1.6 x 10-19C

Proton Mass = 1.67 x 10-27kg

Magnetic flux density = 200 x 10-3 T

Radius = 1.5m

Q) Show that the speed of the proton is about 10% the speed 
of light.

The speed of light is 3.0 x 108ms-1, so 10% of that = 0.1 x 3x108ms-1 = 

3 x 107ms-1, so our answer should be close to this value. 

r = mv
BQ

So v = rBQ
m

=1.5m x 200 x 10-3T x 1.6x10-19C
1.67 x 10-27kg

= 28742514.97ms-1 Close to 10% of the speed of light so it 
is correct. Huzzah!



In a cyclotron, protons are accelerated by a high frequency voltage. A uniform 
magnetic field, of flux density 200mT, causes the protons to follow a circular path 
that increases in radius as the protons gain kinetic energy. Immediately before the 
protons leave the cyclotron, the radius  of their circular arc is 1.5m. 

Proton Charge = 1.6 x 10-19C

Proton Mass = 1.67 x 10-27kg

Magnetic flux density = 200 x 10-3 T

Radius = 1.5m

Q) Calculate the approximate time taken for the proton to 
travel around the semicircular Dee.

The metal Dee is a semicircle, so its circumference is half 2πr, which 
leaves πr. Distance is therefore πr.

Aforementioned, time = distance

velocity

=   πr

v

T = π x 1.5m

28742514.97ms-1
= 1.64 x 10-7s

The time taken for the 
proton to travel around one 
of the semicircular dees is:

= 1.64 x 10-7s



In a cyclotron, protons are accelerated by a high frequency voltage. A uniform 
magnetic field, of flux density 200mT, causes the protons to follow a circular path 
that increases in radius as the protons gain kinetic energy. Immediately before the 
protons leave the cyclotron, the radius  of their circular arc is 1.5m. 

Proton Charge = 1.6 x 10-19C

Proton Mass = 1.67 x 10-27kg

Magnetic flux density = 200 x 10-3 T

Radius = 1.5m

Q) Calculate the frequency of the accelerating p.d.

Frequency = The number of cycles per second

=    1

T

If you’ve got any legs left, watch out for the mousetrap here, 
so far we only have the time taken for half a cycle (180˚), so 
we need to multiple our value of time by 2.

1f = 

2t

=      1

2 x 1.64 x 10-7s

= 3 x 106Hz



The Northern Lights

The ‘northern’ lights are 
caused by charged particles 
from outer space from solar 
wind (streams of charged 
particles expelled from the 
Sun) being caught in the 
Earth’s magnetic field and 
colliding with particles in the 
Earth’s upper atmosphere. A 
charged particle in a magnetic 
field experiences a force, and 
this force provides the 
centripetal force. 

This causes the particles to spiral along the earths magnetic field. As the 
magnetic field gets stronger at the poles, the radius of the spiralling circular 
path decreases, since r = mv/BQ and, B is getting larger. 



Radius = 9.3cm = 0.093m

B = 3.7 T

Mass of helium nucleus = 4u

BQ
r = p Ek = p2

2m



r = 0.093

B = 3.7T

Mass = 4u = 4 x 1.67 x 10-27

Charge = 2 x 1.6 x 10-19C

r = mv

BQ

v = BQr

m

v = 3.7T x (2 x 1.6 x 10-19C) x 0.093m

4 x 1.67 x 10-27kg

v = 16483832.34ms-1 = 1.64 x 107ms-1

Ek = ½ mv2
Ek = ½ x 6.68 x 10-27 x (1.64 x 107ms-1)2

Ek = 8.98 x 10-13J Divide by 1.6 x 10-19 to get into 

electron volts: 5.61MeV



Synchrotron

At very high energies, the particles travel close to the speed of light and 
their motion is now described by relativistic equations and their travel 
time is no longer the same for each semi-circle.

To overcome this, careful synchronisation is needed to make the 
electrodes change their polarity as the particles pass through each 
acceleration section. The magnetic field is increased to keep the moving 
particles in a moving circle of constant radius.



LHC
The LHC is an example of a synchrotron. It 
accelerates protons to 99.9999% of the speed of 
light, colliding them at high energies and 
recording the results on huge computers.

But what is the LHC looking for?

• The Higgs Boson – this particle decays to produce matter and 
antimatter. Particle Physicists also want to test the Higgs Mechanism, 
a theory that suggests a ‘treacle’ fills the universe, slowing down 
particles which makes them heavy, while not slowing down others 
such as light. The Higgs mechanism explains how energy is 
concentrated to produce mass (Sounds like a hump of crap to be 
honest, who the hell decided this?). 

• Being closer to the grand unified theory - At extremely high 
energies (above 1014 GeV), the electromagnetic, weak nuclear, and 
strong nuclear forces could be fused into a single unified field. So far, 
physicists have been able to merge electromagnetism and the weak 
nuclear force into the electroweak force. The LHC could reveal why 
gravity is so weak in comparison to other fundamental force, or give 
way to the graviton. 

• The mystery of antimatter – the big bang should have created 
matter and antimatter in equal amounts, and yet we are only surrounded 
by matter. Why didn’t everything annihilate? Where did the antimatter 
go?

•Is Science wrong? – If the LHC does not conclude any results as to the origin 
of mass, Physicists will have to rethink the standard model and seek new ways of 
testing the origin of mass. This is a good thing, as proving science wrong, 
enabled Einstein to predict the perihelion of Mercury using general relativity, 
where Isaac Newton’s theory of gravity did not work. Most great discoveries 
were found by accident.

• Extra Dimensions – are there extra dimensions that we cannot see?•Dark Matter – what is the nature of dark matter? Dark matter is 
matter that does not interact with the electromagnetic force, but whose 
presence can be inferred from gravitational effects on visible matter.



Disadvantages of the LHC

Huge cost implications, the maintenance of keeping supermagnets 
at -270˚C, constructing tunnels of such length (circumference of 
27km) and building a computer network to detect and store 
information all caused the budget of the LHC to be between 3.2 –
6.4 billion Euros. This required international funding, causing 
governments from all over the world contributing to the funding of 
the LHC. 

Although controversial and not regarded as a real threat, if any of the 
collisions cause black holes, there is speculation that the earth could 
be swallowed into a black hole. 

There is a risk that the Higgs Boson will not be found, and even if it is, 
there is no guarantee that this will have practical uses in the real world. 



So how are the particles detected?

 A charged particle moving through matter 
causes ionisation, the greater the ionisation, the 
thicker the tracks and the slower the moving 
particle.

 Positive and negative particles curve in 
opposite directions when there is a magnetic 
field perpendicular to the direction of travel. 

 The greater the momentum, the less curved the 
tracks. As particles lose energy they spiral 
inwards. Measuring their curvature allows 
momentum to be calculated.

 As particles collide, the ions produced can be 
accelerated by electric fields and detected, so 
the path of the particle can be detected.



So what have we learnt?

• To be a good physicist you need a good set of legs.

• If you get too close to god’s brain he will smite you.

E.g. Hawking


