Teachers’ Notes on Particle Accelerators

Why do we need particle accelerators?

The pioneers of nuclear and particle physics used naturally-occurring sources for their particle beams: Rutherford discovered the atomic nucleus and then disintegrated the nucleus of nitrogen using alpha particles from naturally occurring radioactive isotopes while many of the early discoveries in particle physics were made using cosmic rays. 

However, there are problems with both methods. There is an upper energy limit of ~ 10 MeV for alpha particles which is insufficient for them to penetrate the strong electrostatic repulsive barrier around most nuclei. Some cosmic rays have far higher energies than any accelerator of today can produce, but their location and occurrence cannot be predicted, making them unsuitable for systematic studies. Work on building accelerators began in the late 1920’s with the first workable machines starting up in 1932. 

A Direct voltage and cascade machines

The simplest particle accelerator is a battery. There is a potential difference, V, between its terminals which produces an electric field equal to the potential gradient. A charged particle in this field will feel a force and be accelerated. In electric wires, the electrons undergo too many collisions with the wire’s atomic lattice to gain any speed and the energy is transferred to the conductor as heat, but if the particles are in a vacuum they will accelerate unhindered. The kinetic energy gained by the particle will be equal to the electrical energy lost by the battery:
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The standard energy unit of particle physics is derived from this equation: an electron-volt, eV, is the energy gained by a particle with a charge equal to that of the electron (e = 1.6x10-19 C) accelerated through a potential difference of one volt: 1 eV = 1.6 x 10-19 J.

Batteries can be put in series to increase the potential difference, but early direct voltage machines were Van der Graff generators. These are still used today, particularly in the initial stages of modern accelerators and are ultimately capable of potential differences of around 10 MV.

In the early 1930’s, Brasch and Lange worked to use the huge potential differences available in lightning storms for accelerating particles. An insulated wire was hung across a valley in the Swiss Alps, with a conducting terminal suspended from it. Sparks several hundred feet long were seen between this terminal and an earthed one on the valley floor but the project was abandoned when Lange was fatally electrocuted.

In 1932 Cockcroft and Walton produced the first nuclear reaction using artificially accelerated particles, bombarding and disintegrating lithium nuclei with protons accelerated to several hundred keV:
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Why were their 600 keV protons more effective than 7 MeV alpha particles? Nuclear reactions occur because of the strong interaction which acts between the nucleons in the beam particle and target nuclei. The strong interaction has a very short range and the 600 keV protons get closer to the lithium nuclei than the 7 MeV alpha particles get to the gold nuclei.

The point of closest approach can be calculated by assuming that, at this point, the beam particle has converted all of its kinetic energy into electrostatic potential energy.

Alpha particles: Z = 2

Protons: Z = 1

Lithium: Z = 3

Gold: Z = 79
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For 7 MeV alpha particles on gold 
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 compared to 
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 for 600 keV protons on lithium.

These calculations assume that the target nucleus does not recoil: for alpha particles on gold this is reasonable, less so for protons on lithium and probably not at all for alpha particles on lithium. The target nuclei are not floating free in space but are part of the solid lattice, which would complicate a detailed calculation further.

Even so, this is a serious over-simplification. The energy available per beam particle nucleon is an important factor as is the relative size of the alpha particle to the target. Against a small target, the alpha particle is more likely to interact as an alpha particle; with larger nuclei it behaves more as 2 protons and 2 neutrons. This is, in part, due to the very short range nature of the strong interaction in nuclei were nucleons tend to interact only with  their neighbours.

Cockcroft and Walton used an a.c. supply to charge several capacitors to a high voltage. These were then discharged so that the potential differences added together. This is called a cascade machine.
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The cyclotron

The cyclotron uses electric and magnetic fields. The whole accelerator is in a uniform magnetic field. Charged particles moving in the field feel a force acting at 90o to their direction of motion, so they move in circles – the Lorentz force due to the field provides the necessary centripetal force for circular motion:
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 so the particles move in circles with radii proportional to their speed.

The time taken for one orbit is 
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and so the orbit frequency is 
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Similar particles (i.e. with equal charges and masses) will all orbit at the same rate, regardless of their speed.

The particles orbit inside two metal semicircles called Dees. These are connected to opposite terminals of an a.c. supply set to the cyclotron frequency calculated for the particles and magnetic field being used. The particles are accelerated in bunches by the electric field between the plates and, as all particles have the same orbit frequency, they will all be accelerated by the field. As the particles accelerate they move in larger and larger circles until reaching a deflector at the edge of the machine which directs them to the target.

Their maximum speed as they reach the outside is 
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and therefore their maximum energy is 
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Lawrence and Livingston built the first cyclotron in 1932. It was about 30 cm across, in a magnetic field of about 0.5 T and accelerated protons to roughly 1.2 MeV.

The frequency of the a.c. supply depends on the specific charge of the particles (e/m) and the strength of the magnetic field. To obtain as large a KEmax as possible, the machine should have as large a radius as possible and as large a magnetic field as possible. However there are problems producing strong magnetic fields which have a constant value over the large areas needed. As the magnetic field increases so does the cyclotron frequency, already in the MHz for the first machines.

The real limiting factor is the basic design – all particles must orbit at the same frequency, whatever their speed. As particles approach the speed of light, however, they behave as if their mass is increasing. Accelerating them becomes more difficult and they start to lag behind the oscillating electric field. As cyclotrons approached 20 MeV they began to reach their limits and a new design had to be produced.

A particle becomes relativistic once its kinetic energy is comparable to its rest energy (Erest = mc2). As the rest energy of the electron is only 500 keV they cannot be accelerated to a useful energy in a cyclotron.

The betatron

Unlike other particle accelerators, the name of the betatron does not tell us anything about how it works, but it is best thought of as a transformer, with a ring of electrons as the secondary coil. The magnetic field used to make the electrons move in a circle is also the one used to accelerate them, although the magnet must be carefully designed so that the field strength at the orbit radius is equal to half the average field strength linking the orbit:
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If the magnetic field increases, there is a changing flux linking the loop of electrons and so an induced e.m.f. which accelerates the electrons. As the electrons get faster they need a larger magnetic field to keep moving at a constant radius, which is provided by the increasing field – the effects are proportional, so the field is always strong enough to keep the electrons in orbit!

The field is changed by passing an alternating current through the primary coils and particle acceleration occurs on the first quarter of the voltage sine wave’s cycle. Although the last quarter of the cycle also has a changing field that would accelerate the electrons, it is in the wrong direction for them to move in the correct circle! The target is bombarded with pulses of particles at the frequency of the ac supply.
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The particles have maximum energy when the magnetic field is at its strongest value but the formula used for the cyclotron will not work for betatrons because the electron will be relativistic. However, if the total energy is much greater than the rest energy then E = pc is a good approximation. As the centripetal force is again provided by the Lorentz force, 
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 the maximum momentum will be 
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An example of this type of machine is the University of Chicago’s 315 MeV betatron, built in 1949. With a magnetic field strength of 0.92 T  and orbit radius of 1.22 m, the calculated energy is 340 MeV, in reasonable agreement, as synchrotron radiation losses have not been taken into account. (see section on synchrotrons)

The formula for the electron’s momentum can also be derived from Faraday’s law of electromagnetic induction.
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where N = 1 and A = r2.

Converting from voltage induced to electric field strength using 
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The force on the electron will be given by 
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so Newton’s second law of motion gives
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and integrating gives 
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 as before.

Betatrons are still used in industry and medicine as they are the very compact accelerators for electrons. Cyclotrons are similarly compact but cannot accelerate electrons to useful energies.

Linear accelerators

A limiting factor of direct voltage and cascade accelerators is that they expose the particle to the entire voltage at once and so are limited by the problem of electrical breakdown. A radio frequency linear accelerator uses a smaller but changing electric field over and over again to increase the energy of the particle. The particles pass through tubes called cavities which are alternately charged by the alternating supply.

Initially, each tube is longer than the last so that, as the particle gets faster, it traverses each one in the same time to keep in step with the changing field. In high energy machines, and therefore especially in electron accelerators, as particle approaches the speed of light and its speed remains nearly constant, the tubes are evenly spaced out.

Ignoring relativity, the energy gained by the particle is equal to NqV where N is the number of cavities and V is maximum voltage of the RF supply. For example, an early Berkley machine had 30 cavities with a peak voltage supply of 43 kV to accelerate singly-ionised mercury atoms to 1.3 MeV.

To reach very high energies, a large number of cavities are needed and so the machine becomes very long. The world’s largest such machine is SLAC, the Stanford Linear Collider, a 20 GeV electron accelerator two miles long. The CLIC accelerator planned by CERN could be nearly 40 km long.

The synchrocyclotron

A synchrocyclotron is simply a cyclotron with the accelerating supply frequency decreasing as the particles become relativistic and begin to lag behind. Although in principle they can be scaled up to any energy they are not built any more as the synchrotron is a more versatile machine at high energies.

The synchrotron

Synchrotrons combine ideas from many of the preceding machines. The particles are accelerated by radio frequency cavities in a circular path of fixed radius using magnetic fields that increase in strength as the particles get faster.

The bending magnets, called dipoles, are placed along the beam path rather than over the whole area of the orbit, so the design can be scaled up to very large sizes – CERN’s LEP (Large Electron Positrons) was in a tunnel 27 km long and ultimately produced 105 GeV electron beams.

Particles are injected into a synchrotron from a pre-accelerator. If they are already moving ultra-relativistically then their speed around the ring will be nearly constant as they are ‘accelerated’ and so the radio frequency can be kept constant. As electrons reach 0.98c at only 2 MeV, this is almost always the case with electron machines but not for proton machines. The rest energy of the proton (~ 1 GeV) is much higher than that of the electron, and so as the protons become more energetic, the magnetic field strength and the radio frequency have to be increased.

As with all cyclic machines, the particles in a synchrotron are accelerating when they move in their circular path and so they emit electromagnetic radiation, called synchrotron radiation. This is emitted tangentially to the orbit and has so many uses in different areas of medicine and science that synchrotrons have been built simply to generate synchrotron radiation. 

Because of their large mass, synchrotron radiation is not really an issue for protons, but for electron machines it is a major concern. The radiation obviously takes energy away from the particles and the power lost goes as
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where r is the radius of the orbit and  is the Lorentz factor, 
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The accelerator designers want to make  as large as possible, so the size of the machine has to increase dramatically. LEP had an orbit radius of 3100 m but, when running at its highest energies of 100 GeV per beam, was losing 23 MW as synchrotron radiation and curved sections of the tunnel were out of bounds to all personnel.

During 2000-2006 the LEP is being removed from its tunnel and replaced by the LHC  (Large Hadron Collider) which will produce 7 TeV proton beams. Although the beam energy will be higher by a factor of nearly 100, the lower  due to the larger proton mass means that synchrotron losses will only be 5 kW. 

Fixed target verses collider machines

The particles from early machines were smashed into fixed targets where they would collide with the atomic nuclei in the target causing nuclear reactions. As beam energies increased, particles and their antiparticles were created leading to many new discoveries.

In all events, momentum must be conserved. Before the collision, the only particle with significant momentum is the particle from the accelerator; although the atoms in the target have thermal motion, this is of the order of eV rather than MeV and can be ignored. After the collision this momentum must be carried away by some particles along the initial direction of the beam and so the amount of energy available to create new particles only increases as the square root of the beam energy.

In collider experiments, beams of equal but opposite momentum are brought together. The initial momentum is zero and so all the energy of both beams can, in principle, be converted into new particles.

Experimenters can make use of the fact that particles and their antiparticles are oppositely charged and so will orbit in different directions in the same magnetic field – both can be accelerated in the same tube, saving a lot of effort and money. The particles will annihilate on collision releasing their total energy, (i.e. both kinetic and rest energies) for particle creation.

All major recent accelerators - the SPS, LEP, Fermilab’s Tevatron and the LHC – have been synchrotron colliders but, although there is an energy advantage, the design introduces extra problems. 

Firing a particle beam into a solid metal target or large tank of liquid ensures that almost every particle will collide with a nucleus but getting two particle beams to interact is much harder. Beams must be compact and quadrupole magnets are used to focus the particles into tight bunches but, the tighter the beam, the larger the repulsive Coulomb forces between the similarly-charged particles.

Colliders that use antiparticles must find ways of producing them in large numbers and then storing them while the beam is brought up to full energy and they then collide. Unless the beams are very tightly focused there will only be a few collisions per revolution so the antimatter may have to be stored for hours.

Lepton colliders verses hadron colliders

Leptons (electrons, positrons, muons, taus and neutrinos) are fundamental particles – we have no evidence that they are made up of anything smaller. Hadrons (protons, pions, neutrons, kaons etc.) are not fundamental – they are made up of quarks and antiquarks and the gluons that hold them together.

In a lepton beam of known energy, each particle has this energy and so precision measurements of interactions in a detector are possible, balancing the energy before the event with the observed energy afterwards.

In a hadron beam, however, each hadron’s energy is shared out between its constituent particles in a constantly changing way. At high energies, interactions are between the quarks and gluons rather than between the hadrons as a whole, and so the initial energy of the two colliding particles cannot be known very accurately.

The two types of machine compliment each other: hadron colliders are useful for discovering new physics or searching for new particles as they explore a wide range of collision energies with one beam energy. Lepton machines can be used for precision measurements of particles after their discovery.

For example, the W and Z particles were discovered in CERN’s SPS synchrotron by colliding protons and antiprotons. The LEP collider was then built to measure the Z mass to very high precision by colliding electrons and positrons at precisely the rest energy of the Z.

The future?

Because the electron is so light, cyclic machines suffer such large synchrotron losses that they cannot be realistically constructed much larger than the LEP, as the power loss increases with  much faster than it decreases with increased orbit radius.

Future lepton machines will probably be linear colliders such as CERN’s proposed CLIC accelerator, although the possibility of colliding muons with antimuons in a large circular collider is an interesting possibility. Muons have a mass about 200 times larger than the electron but their lifetime in a rest frame is only 2 s. When accelerated, this laboratory lifetime increases with  but it will be a very different experiment from current machines as long-term beam storage will not be possible.

In less than 100 years, accelerator designers have raised the energy available to experimenters from Rutherford’s 10 MeV alpha particles to the LHC’s 7 TeV proton beams, a factor of nearly a million. The known particles have increased from Rutherford’s proton, electron, photon and suspected neutron to the huge number possible in the standard model.

The LHC should complete the standard model by discovering the Higgs particle and possibly show the way forward, detecting some of the lighter particles predicted by supersymmetric theories but this is not the end – plans are already being made for the Very Large Hadron Collider (VLHC) which will have an orbit of 240 km and a beam energy of at least 50 TeV. 
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