Building a synchrotron

Teachers notes

This work sheet started out at a follow-up meeting for a visit to CERN, at the East of England Science Learning Centre.  John Clinch, Nina Pickett and Alison Palmer wrote questions 11-22 at this meeting.

The work sheet has been extended to its current form to act as a revision activity for my A2 (upper sixth) students.  I will give it to them in February to provide an ongoing homework while they are doing coursework in their lessons, to provide a filler activity for those who finish their coursework early, and possibly a holiday home work for the February half term.  I will almost certainly give them the answers at the same time.  Many of my students, even quite bright ones, forget things as fast as they are taught them. Therefore the idea is to go over as many ideas as possible, but all anchored together around one context. 

Worksheets are rather personal things and I find it hard to get along with anyone else's worksheets – I expect you're the same.  However I am fairly sure that this can be adapted to your needs.  The most obvious change would be to make into a set of shorter sheets to be used during different topics.

There will undoubtedly be mistakes in the answers and even the physics behind questions.  If you have any corrections or suggestions, please e-mail them to JMC@Lutonsfc.ac.uk.

The questions on the vacuum probably are the furthest from reality in terms of the physics.  I couldn't find a simple answer for the pressure and temperature inside the LHC when it is operating.  I think this arises because they are not well-defined, the temperature varying in different locations and the pressure being too low to measure directly.

The questions on the protons in circular motion work well.  I was quite tempted to develop the work on the RF cavities used to accelerate the beams.  It took me quite a long time to get my head around the fact that they operate at ten times the frequency I was expecting and the way that the changing voltage keeps the bunches together.  Although these ideas could be developed using A-level physics I didn't think it would benefit my students particularly.

All the colour diagrams were taken from a PowerPoint presentation that I attended at CERN delivered by Elena Wildner 
Building a synchrotron

These questions are about the largest and most powerful particle accelerater in the world.  The aim of the questions is for you to be able to review a large amount of physics and gain an insight into this machine.  This work is not about the particle physics but the engineering challenges involved in such a project.  The justification for the large cost of projects like these is that the engineering challenges for the businesses involved stimulate improvements in technology.  These improvements in technology generate far more wealth than the original cost of the project.

 The Large Hadron Collider or LHC is a synchrotron accelerator.  It is being built, at CERN, into an underground tunnel, just outside Geneva in Switzerland. This diagram shows the basic layouts of the accelerators.  Protons are initially accelerated along a linear accelerator, then around 2 smaller synchrotrons before they are fed into the LHC.
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 It is being built to accelerate two beams of protons in opposite directions and then allow them to collide.  By analysing the collisions physicists are hoping to discover new particles.  
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Each beam consists of a large number of bunches of protons.  The beam can't consist of a continuous flow of protons because it would not be possible to accelerate them. Keeping the protons in bunches also helps to ensure greater numbers of collisions. Two beams of protons are made to travel in a circular path by using superconducting magnets, which have to be cooled to below the temperature at which helium becomes a liquid.
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Detectors are fitted into two main locations around the ring.  It is in the detectors that the protons collide.  The detectors will identify the particles made in the collision.

Hopefully this work will give you some idea of the scale of the LHC and quite what a remarkable machine it is.  Along the way you should get to use a fairly large proportion of your physics knowledge.

You will need to keep referring to your LHC data sheet and the information above.
Digging the hole




The LHC was built into a tunnel that already existed.  The tunnel had a diameter of 3.0 m.  For these first few questions about building the tunnel you can make the approximation that a very thin circular tunnel is the same as a tunnel of the same diameter but straight.

1) Calculate the volume of the tunnel.

2) Assuming the rock dug out has an average density of 5000 kg/m3, calculate the mass of the rock that was dug out to form the tunnel.

Some thoughts on moles

The protons used in the LHC come from a bottle of hydrogen gas.  The electrons are stripped from the hydrogen molecules to leave protons.  These are then accelerated and eventually fed into the LHC.  They can only be accelerated through a vacuum.

3) Calculate the number of protons required to fill the LHC.

4) 1 mole of hydrogen gas contains 6x1023 molecules.  How many times could the LHC be filled using 1 mole of hydrogen. 

5) The smallest hydrogen cylinder I could find listed on the BOC (British Oxygen Corporation) web site contained about 5000 moles of hydrogen.  If the LHC is filled every ten hours how often would they need to order a new cylinder?

6) The vacuum inside the accelerator ring is equivalent to a pressure of 1x10-7 N/m2 at a temperature of 300K.  Calculate the number of moles of particles in 1 cubic metre of gas at this pressure.  From this calculate the number of particles in 1 cubic metre of gas.

7) Give some reasons why the protons must be accelerated through a vacuum.

8) In reality the vacuum will be cooled to about 2K. What effect would this have on the number of gas particles in each cubic metre of the tube?  (This question does not ask for a calculation, just some lateral thinking.) 

9) Calculate the energy of an accelerated proton in joules.  (You just need to convert the proton energy from Electron Volts to Joules)

10)  To what temperature would you have to heat protons for their average kinetic energy to be the same as in the previous answer.  To do this you will need to assume that the protons act like an ideal gas.

Using magnets to steer the beam

The LHC is in fact not quite circular.  There are many straight sections.  Some of these are where the detectors are located or where voltages are applied to accelerate the protons.  The biggest contributions to the straight sections are magnets which keep the beam focused.  All of the curved sections of the proton beam are enclosed within the dipole magnets.

11) Calculate the total length of the proton beam enclosed within the dipole magnets.

12) Calculate the effective radius of the proton beam within the dipole magnets.

13) In which direction should the magnetic field be directed for a beam of protons travelling in a clockwise direction?

14) Is the magnetic field direction the same for a beam travelling in the opposite direction? Explain your answer.

15) Calculate the acceleration of a proton as it travels through the dipole magnets. (Just consider the acceleration due to its circular motion.)

16) Calculate the force required to provide this acceleration. (Use the rest mass of a proton.)

17) Calculate the magnitude of magnetic field required to provide this force.

18) The magnets in the LHC have a field strength of 8.4T. How does this compare to your answer to question 21), and can you provide an explanation for the discrepancy?

19) Calculate the mass of the proton that would require this magnetic field strength.  How much more massive is this than a proton at rest?

20) Calculate the kinetic energy of the proton in joules and electron volts. (Wow, you get to use E=mc2)

21) For all the protons in the accelerator (both beams), calculate their combined kinetic energy. 

22) What mass of ship cruising at 30km/hr would have the same amount of kinetic energy?

Understanding the proton beam as a current

23) How long does it take for a proton to complete one circuit of accelerator?

24) How often does the same proton pass the same point in 1 second?

25) Calculate the total number of protons that pass the same point in 1 second.  (For this question and the next three questions just consider one of the two proton beams) 

26) Calculate the total charge that passes one point in 1 second.

27) State the current carried by the proton beam

The beam is accelerated by allowing the protons to pass through cavities where they are exposed to an electric field.  At CERN there are eight places around the ring where the beam is accelerated.  The simplified diagram to the right only shows one accelerating cavity.  Each cavity in the LHC is supplied alternating voltage at 400 MHz.  Obviously the timing of the accelerating voltage must be carefully synchronised with when the protons are passing through the cavity, hence the term synchrotron. 

28) Calculate the wavelength of electromagnetic radiation that this corresponds to. In which part of electromagnetic spectrum does this lie?

29) Each Cavity supplies accelerating voltage of about 1MV. Calculate the power required to drive each Cavity.  How does this compare with the 300KW that the amplifiers are actually rated at?  Can you think of a reason why your answer doesn't match the actual answer?

30) There are eight accelerating cavities around each ring.  Assuming that each cavity has a voltage of 1 MV how much is each proton given in one circuit? ( Your answer should be in electron volts. Make the assumption that the proton does see the full voltage of each Cavity) 

31) How many circuits of the ring does a proton need to make to be accelerated from 450GeV to 7 Tev?  How long will this take? 

Emergency Beam Stop

Because the beam has so much kinetic energy there must be somewhere for this beam energy to be dissipated.  Around the ring is a copper block designed to melt if the beam hits it.  This may seem a little drastic - most of the things that the beam could heat are very expensive, compared to a lump of copper.

32) Calculate the amount of energy required to heat 1 kilogram of copper to its melting point and then convert it to a liquid.  You may assume that the copper starts at room temperature.

33) How many kg of copper could the beam melt?

Building a Synchrotron Answers

This sheet contains the answers to questions on the building a synchrotron worksheet.  In addition to providing answers it speculates on why some things have worked better than others.  Obviously it should be borne in mind that building an accelerator is an exceptionally complicated design challenge.  The work here only starts to show the complexity of the task.

1) 190,000 m3
2) 9.5x108kg

3) 3.1x1014(x2 for both rings)

4) 1.9x109 (this is the answer to fill one ring ignoring the fact that hydrogen is diatomic, or the number of times both rings can be filled assuming the gas is diatomic)

5) 9.6x1013 hours 4.4x1010 years!  I don't have the maths to prove it but I suspect that the hydrogen diffuses out of the bottle faster.  (When looking at the energy of the beams later on you should bear in mind just how little matter carries this energy).  This question is rather theoretical because we don't actually know how big the hydrogen bottle is at CERN

6) 4x10-11 moles 2.4x1013 particles per m3.  (The volume of the vacuum is about 63,000m3 so in fact, the accelerator contains far more gas molecules than accelerating protons) .  The numbers here are not completely accurate because I don't have an accurate temperature and pressure to work from.  The next question will give you some idea why it might be hard to define the pressure under these conditions. 

7) The reduction in temperature will lower the pressure. This temperature is below the temperature at which all gases liquefy so we can expect the particle density to fall further.  However just because it is below the boiling point of a gas doesn't mean that no gas particles can exist at this temperature

8) If the protons collide with air molecules they will lose energy and be scattered out of the beam.  This obviously has implications for how long the beam will last - the target is 10 hours.  However another consideration is that collisions with air molecules cause particles to collide with the walls of accelerator.  This delivers heat to the supercooled magnets which is very expensive to remove. 

9) 1.1x10-6J

10) 5.4x1016K

11) 18000m

12) 2900m

13) Upwards

14) Downwards

15) 3.2x1013ms-2 

16) 5.1x10-14N

17) 1.0x10-3T

18) Our calculated value for the magnetic field required is way out.  This is because the mass of the proton would have increased significantly due to relativistic effects.

19) 1.3x-23Kg, so our proton has increased in mass by about a factor 7500

20) 1.1x10-6J (7TeV) this calculation works really well and there has been no arranging the numbers to give the right answer.  This is because for an accelerator of any particular particle the maximum achievable energy only depends on the magnetic fields strength and  the radius of curvature.  The size of the tunnel at CERN was already fixed and 8.4 T was the upper limit for commercially available magnets.

21) 6.8x108J for both beams

22) 20x106kg 20,000 Tonnes.  (20,000 Tonnes is a small aircraft carrier) 

23) 9x10-5S

24) 1.1x104Hz

25) 3.4x1018
26) 0.54C/s

27) 0.54A

28) 0.75 m microwaves, but very close to being radio waves

29) In this case multiplying the average current by the peak voltage doesn't really produce anything very meaningful.  Left is a sketch graph for voltage and current through the cavity.  The bunches do not pass through the cavity at peak voltage.  This is to keep the bunches together.  Protons with less energy than the rest of the group receive a little extra kick, those with more energy receive less of a kick.  The voltage changes at 10 times the frequency of the current (proton bunches) because a more rapidly changing voltage aids this process

30) 8MeV

31) 800,000 (which takes about 72 seconds) this answer does not agree with the correct answer of about 20 minutes.  At least part of the reason for this is that the protons don't actually see the full voltage of the Cavity.  The length of time required to accelerate the beam to full energy isn't that crucial.  It is more important to keep the bunches compact to increase of the chances of a collision

32) 6.1x105J

33) 618Kg

LHC datasheet
	Maximum kinetic of a proton
	7 TeV

	Strength of dipole magnets
	8.33T

	Number of particles per bunch
	1.1x1011

	Bunch spacing
	25ns

	Tunnel circumference
	27km

	Number of bunches around ring
	2808

	Number of dipole magnets
	1232

	Length of each dipole magnets
	14.3 m

	Maximum proton velocity
	0.99999991C

	Operating temperature of magnets
	1.9K

	Latent heat of fusion copper
	2.05x105J/Kg

	Specific each capacity of copper
	385J/kg/K

	Melting point of copper
	1 084oC
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This diagram shows how the two beam pipes are contained in the superconducting magnet, with magnetic fields in opposite directions
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