12 Accelerators

Particles physics, also known as ‘high energy physics’ is the study of the fundamental forces
of nature and the particles that can be found at very high energies.

The most massive particle that has been discovered so far is the Z-boson with a mass of
91.2 GeV/ ¢® - about 100 times the mass of a nucleon (the t-quark had also been discovered
with a mass of 175 GeV/c2.) Another way of seeing that we need high energies is to note
that we wish to probe very short distances. At the very least we want to probe distances
which are small compared with a typical nuclear radius, i.e.

r < 1fm = 107%m

In order to do this the uncertainty in the position, Az must be much smaller than 1 fm,
and by Heisenberg’s uncertainty principle the uncertainty in momentum Ap must obey the
inequality

h
A — = 197M )
D >>1fm 97 MeV /c

This in turn means that the momenta of the particle used as a probe must have a momentum
much larger than this, and hence an energy large compare with ~ 200 MeV.

In fact, the weak interactions have a range which is more than two orders of magnitude
shorter than this and so particles used to investigate the mechanism of weak interactions
have to have energies of at least 100 GeV.

In order to achieve these very high energies particles are accelerated in “accelerators”.
Incident particles are accelerated to these high energies and scattered against another par-
ticle. There is enough energy to smash the initial particles up and produce many other
particles in the final state, some of them with considerably higher masses than the incident
particles. Such scattering is called “inelastic scattering” (conversely a scattering event in
which the final state particles are the same as the initial particles is called “elastic scatter-
ing”. Rutherford scattering or Mott scattering are examples of elastic scattering.) The word
‘elastic’ here means that none of the incoming energy is used up in the production of other
particles.

In elastic scattering we talk about a differential cross-section (with respect to solid angle),
which is the number of particles per incident flux in a given element of solid angle. For in-
elastic events we can talk about the total cross-section for a particular process. For example,
at the LEP accelerator (electron-positron scattering) at CERN one possible process was

et e =W+ W,

in which the electron and positron annihilate each other and produce two W-bosons instead.
The TW-boson has a mass of 80.4 GeV/c?, so that total centre-of-mass energies of over 160
GeV are required for this process to take place. The cross-section o (c+.-—w+w-) is the total
number of events in which two W -bosons are produced per unit incident flux (i.e. the number
of W-boson pairs produced divided by the number of particle scatterings per unit area)
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It is now believed that there exist particles with masses which are an order of magnitude
larger than this and modern accelerators can achieve energies of up to 1 TeV (102 eV) and
the Large Hadron Collider (LHC) at CERN (due to start running in 2007) is designed to
produce energies up to 14 TeV.

12.1 Cyclotrons

The prototype design for all circular accelerators is the cyclotron.
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This is a device in which the (charged) particles to be accelerated move in two hollow
metallic semi-disks (D’s) with a large magnetic field B applied normal to the plane of the
D’s. The particles move in a spiral from the center and an alternating electric field is applied
between the D’s whose frequency is equal to the frequency of rotation of the charged particles,
such that when the particles crosses from one of the D’s to the other the electric field always
acts in the direction which accelerates the particles.

A charged particle with charge e moving with velocity v in a magnetic field B experiences
a force F, where

F = gvxB.

When the magnetic field is perpendicular to the plane of motion of the charged particle, this
force is always towards the centre and gives rise to centripetal acceleration, so that at the
moment when the particles are moving in a circle of radius r

’02

F = Bev = m—.
T

We see immediately that the angular velocity w = v/r is constant, so that the frequency of
the alternating electric field remains constant. The maximum energy that the particles can
acquire depends on the radius, R, for which the velocity has its maximum value v,,4z,

BeR

Umaz = m 5
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leading to a maximum kinetic energy

1 B2 2R2
Tae = —mu2,, = cr
2 2m

This works fine if the energy of the particle remains non-relativistic. However, in high
energy accelerators the particles are accelerated to energies which are extremely relativistic
- the particles are travelling very nearly with the velocity of light (at the LHC v/c will be
1 — 10715 ). Taking relativistic effects into account The angular velocity is now

B
w = 4/1— 112/02—6.
m

This means that as the particles accelerate, either the frequency of the applied electric field
must vary - such machines are called “synchrocyclotrons” - or the applied magnetic field
must be varied (or both) - such machines are called “synchrotrons”.

12.2 Fixed Target Experiments vs. Colliding Beams

The total energy of a projectile particle plus the target particle depends on the reference
frame. The frame that is relevant for the production of high mass particles is the centre-of-
mass frame for which the projectile and target have equal and opposite momentum p. For
simplicity let us suppose that the projectile and target particle are the same, or possibly
particle antiparticle (e.g. proton-proton, proton-antiproton, or electron-positron) so that
their masses, m are the same. This means that in this frame both the particle have the same
energy, Fcy (since we are usually dealing with relativistic particles, this means kinetic plus
rest energy.)

Let us construct the quantity

(3 - () ¢

In the centre-of-mass frame, where the momenta are equal and opposite the second term
vanishes and we have
s = 4F%,,,

i.e. s is the square of the total incoming energy in the centre of mass frame - this is a
quantity that is often used in particle physics and the notation s is always used. For one
particle we know that £? — p2c? is equal to m?c* and is therefore the same in any frame of
reference even though the quantities £ and p will be different in the two frames. Likewise
the above quantity, s, is the same in any frame of reference (we say that ‘it invariant under
Lorentz transformations.”)

In the frame in which the target particle is at rest, its energy is mc? and its momentum
is zero, whereas the projectile has energy Ep 45 and momentum pzap so that we have

22 2 o 2 2 4 2 2 2 2 4 2
s = (Epap +mc®) —pragc” = LBl gtm c+2mc Epap —Pragc” = 2m°c +2mc°Epap,
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where in the last step we have used the relativity relation

2 2 2 2.4
Erap — PLapt” = m'c.

Equating the two expressions for s (and taking a square root we obtain the relation

Vs = 2By = \/2m2ct + 2mEpap.

For non-relativistic incident particles with kinetic energy T < mc? for which Epap =
mc? + T, this gives
Vs = 2Bcy = 2mcé? + T,

as expected, but for relativistic particles the centre-of-mass energy is considerably reduced.
For example, taking the proton mass be be approximately 1 GeV/c?, the if we have an
accelerator that can accelerate protons up to an energy of 100 GeV, the total centre-of-mass
energy achieved is only about 15 GeV - far less than the energy required to produce a particle
of mass 100 GeV /c’.

The solution to this problem is to use colliding beams of particles. In these experiments
both the initial particles involved in the scattering emerge from the accelerator and are then
stored in storage rings, in which the particles move in opposite directions around the ring,
with their high energies maintained by means of a magnetic field. At various point around
the rings the beams intersect and scattering takes place. In this way the laboratory frame
1s the centre-of-mass frame and the full energy delivered by the accelerator can be used to
produce high mass particles.

12.3 Luminosity

The luminosity £ is the number of particle collisions per unit area (usually quoted in cm?)
per second. The number of events of a particular type which occur per second is the cross-
section multiplied by the luminosity. In the example of two W-boson production at LEP
the cross-section, o (e+c-—w+w-) is 15 pb (p=pico means 10~?) and the luminosity of LEP
was 1032 per cm? per second. The number of these pairs of W-bosons produced per second
is given by

dNW“'W‘

0 = (15 x 1072 x 107%%) x (10* x 10*) = 1.5 x 107,

where the first term in parenthesis is the cross-section converted to m? and the second is the
2 el

luminosity converted to m~= sec

As in the case of radioactivity the cross-section is a probability for a particular event and
the actual number of events observed is a random distribution with that probability. If a
cross-section predicts N events over a given time-period, the error on that number is VN
(this means that there is a 68% probability that the number of events observed will lie in the
region N —+/N to N = +/N). To be able to measure the above cross-section at LEP to an
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accuracy of 1% it was necessary to collect 10000 such W-pairs, which, at a rate of 1.5 x 1073
per sec., took about three months.

We pay a price for colliding beam experiments in terms of luminosity. For a fixed target
experiment we can make an estimate of the luminosity in the case of proton-proton scattering
from the fact that the incident particles are travelling almost with the speed of light. The
luminosity is given by the number of protons in a column of the target of unit area and length
c. For a solid whose density is 10*kgm™2, and assuming that about one half of the target
material consists of protons of mass 1.67 x 10727 kg, this comes out to about 10%% per cm?
per sec. In colliding beams it is necessary to focus the incident beams as tightly as possible
using magnetic fields, in order to maximize the luminosity. So far, luminosities of 1032 per
cm? per sec. have been achieved, which means the reaction rate is down by three orders of
magnitude compared with a fixed target experiment. However, the LHC is designed to reach
a luminosity of 103* per cm? per sec. - i.e luminosities within an order of magnitude of that
obtained in fixed target experiments.

12.4 Main Particle Accelerators Today

Here are some of today’s main accerator laboratories.
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200 8 150
He¥ Ge¥ GeY¥
Protons |:|@+ ....... @_’ ................... @
600 Tt O
linear
acceleratnr/ “Tevatron~
Proton-
“"Booster” = Antiproton i
940 1t

‘\‘ Cnlider Jf

1 Te¥ = 1000 GeY¥

circumference,
50,000 laps

Situated just outside Chicago this is now running the Tevatron in which protons and
antiprotons are each accelerated to an energy of about 1 TeV and then move around a
ring of circumference 6 km. This is a synchrotron in which very high magnetic fields
are achieved using superconducting (electro-)magnets, which are capable of maintain-
ing very large currents thereby producing large magnetic fields. The luminosity is
1032 cm 2 sec™!

e CERN:
Situated just outside Geneva, until 2001 the main experiment was LEP in which elec-
trons and positrons were each accelerated to an energy of about 100 GeV, and had a
luminosity of 1032 cm~2sec™!. This was the largest electron synchrotron in the world
with a circumference of 27 km.

The next project at CERN is the LHC which is due to start in 2007. This will scatter
protons against protons. Using a specially designed magnetic field configuration, it
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will be possible to have two beams of protons moving in opposite direction around the
same ring. The protons will each be accelerated to 7 TeV and the design luminosity is
10** cm 2 sec™!.

e DESY:
Situated just outside Hamburg, this laboratory is running the HERA accelerator which
accelerated protons to an energy of 820 GeV and electrons (or positrons) to 27 GeV.
It is the only accelerator in which the initial particles are not the same - or particle-
antiparticle pairs.

12.5 Linear Accelerators

The accelerators mentioned above are all based on developments of the cyclotron in which the
charged particles move in circles. As they do so they are accelerated and a large component
of this acceleration is towards the centre of the circle. When charged particles accelerate
they lose energy by emission of photons. The energy loss increases rapidly (as the fourth
power) as the energy of the particles increases.

This energy loss, can be avoided in a linear accelerator. In such a machine the particles
are accelerated by means of an applied electric field along a long tube, several kilometers in
length.
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The largest linear collider in existence is SLAC (Stanford Linear Collider Center) in
California. This is 3 km. long and accelerates both electrons and positrons up to energies
of 50 GeV. It is able to accelerate both electrons and positrons simultaneously by sending
an electromagnetic wave in the microwave band along the beam pipe and injecting bunches
of electrons and positrons which are precisely one half wavelength apart, so that the electric
field acting on the positrons is in the forward direction and so accelerates the positrons in
the forward direction, whereas the electric field acting on the electrons is in the backwards
direction, but because the electrons have negative charge they are also accelerated in the
forward direction.
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At the end of the tube the electrons and positrons are stored in a storage ring (they go
around the storage ring in opposite directions under the influence of the same magnetic field)
and there are intersection points where electron-positron scatterings occur.

There are plans (awaiting international approval) to build a much larger linear collider
(known as ILC - the International Linear Collider) which will have a total centre-of-mass
energy of 500 GeV (or perhaps even 1 TeV).

70



