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This lecture presents a review of cyclic accelerators and their energy limitations. A description 

is given of the phase stability principle and evolution of the synchrotron, an accelerator without energy 
limitation. Then the concept of colliding beams emerged to yield doubling of the beam energy as in 
the Tevatron 2 trillion electron volts (TeV) proton collider at Fermilab and the Large Hadron  Collider 
(LHC) which is now planned as a 14-TeV machine in the 27 kilometer tunnel of the Large Electron 
Positron (LEP) collider at CERN. Then presentation is given of the Superconducting Supercollider 
(SSC), a giant accelerator complex with energy 40-TeV in a tunnel 87 kilometers in circumference 
under the country surrounding Waxahachie in Texas, U.S.A. These superhigh energy accelerators are 
intended to smash protons against protons at energy sufficient to reveal the nature of matter and to 
consolidate the prevailing general theory of elementary particles. 

 
INTRODUCTION 

 
All types of low-energy accelerators went through a rapid series of developments which 

led to higher energy machines. However, in each type there was always a limit for the 
maximum energy set up either by physics, engineering or economic limitations. 

The next important stage of accelerator development was the discovery of the phase 
stability principle in 1947. This principle which led to the invention of the synchrotron states 
that particles accelerated in a series of gaps by an a.c. field will be stable in phase. In 
principle, acceleration can be continued to indefinitely higher energies. An example of high 
energy synchrotron is the 500-BeV proton synchrotron built in 1959 at CERN, Geneva, 
Switzerland using superconducting magnets and storage ring. The CERN Large Electron-
Positron Collider (LEP) which extends in a 27 kilometer circle under the Rhone Valley west 
of Geneva is now the grandest and most costly atom smasher. It became operational in 1989 
at an energy of 100 BeV which increased to 200 BeV in 1992. Still another, more challenging 
atom smasher is the Superconducting Supercollider which is by far the largest and most 
energetic particle accelerator ever built having a tunnel circumference of 87 kilometers under 
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the country side surrounding Waxahachie, Texas in the U.S.A. and energy of 20 TeV. 
However, after completion of 20% of the project the S.S.C. was cancelled in October 1993 
because of budget problems. Following this, it was decided to construct the Large Hadron 
Collider (LHC) which will be housed in the existing accelerator tunnel of LEP. The LHC is 
planned as 14-TeV machine. This figure is still higher than the present most energetic proton 
collider now in operation, the Tevatron at Fermilab in Illinois; U.S.A., in which beams collide 
with an effective energy of about 2 TeV. 

 
HIGH ENERGY ACCELERATORS 

Cyclic accelerators start with the simple cyclotron whose principle depends on 
synchronism between rotation frequency of ions injected from an ion  
source at the center of two semi-circular hollow electrodes (the dees) in a vacuum chamber, 
and the frequency of a.c. accelerating potential applied to the dees under the influence of a 
perpendicular magnetic field B, (Fig.1),  

fr= eB/2M= fa.c, 
where M is mass of accelerated ions. Energy limitation of the conventional cyclotron results 
from disruption of synchronism since fr is reduced as energy is increased due to relativistic 
increase of M and reduction of B (negative gradient of B needed for focusing). Accordingly, a 
maximum energy of 50 MeV could be achieved in an ordinary cyclotron without disruption of 
synchronism. 

 

 

 
 
 
 
 

 

Fig. (1): Schematic of a Cyclotron 
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ISOCHRONOUS CYCLOTRON 
A development to meet the contradicting requirements in a cyclotron; that B must 

increase with the relativistic increase of M to maintain constant f, and that B must decrease 
with R to maintain particle focusing, was made possible by the use of alternately high and low 
regions of magnetic field around the orbit obtained with radial sectors of iron fastened to the 
pole faces, Fig. 2a, thus yielding the "azimuthally varying field" (AVF) cyclotron. Another 
development was the design of isochronous cyclotron with spiral ridges on the pole faces,  
Fig. 2b. Maximum energy could thus be increased to few hundreds of MeV, especially when 
high charge state beams are used, as seen from the energy equation: E =k q2/M, where K= 
characteristic number of accelerator, q= charge number of ions. 

 

 
Fig. (2a): Radial sectors of iron on the pole 

faces 
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SYNCHROTRON 

An accelerator concept without energy limitation has been made possible by utilizing 
ring-shaped magnets and constant orbit radius in the synchrotron after the discovery of the 
phase stability principle. It states briefly that particles with phase or energy errors will 
continue to be accelerated with minor oscillations in phase and energy around the correct 
equilibrium phase and energy, Fig. 3a, and Fig. 3b. A proton synchrotron, (Fig. 4), therefore, 
consists basically of an injector to produce a well-defined beam, and annular-shaped magnet 
whose magnetic field can be pulsed from a very small value- (needed for injection) to many 
kilogauss in a short time and resonant cavity whose accelerating r.f. voltage can be produced 
at a frequency which is kept in synchronism with the particle rotation frequency. Thus, as B 
begins to rise, protons are injected when B has reached the value at which protons can just go 
around the machine (Mv = B e R), then as orbit radius R shrinks protons are allowed to enter 
the resonant cavity and receive energy such that R increases. By correctly adjusting the 
voltage and frequency the position of the orbit of the particles can be kept fixed as B and 
energy rise. 

 
Fig.(2b): Sketch of an azimuthally varying field of 3-fold symmetry, with 

sectors bounded by spirals. 
(Courtesy of Philips cyclotron department) 
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Fig. (3a): Phase Oscillations 

 

Particles Arriving  
Too Soon (gain more energy) 

Stable Phase 

Stable Phase Particles Arriving  
Too Late (gain less energy) 

 
Fig. (3b): Axial Oscillations 
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Accordingly, the proton energy keeps in step with B until B reaches its maximum value. 
Finally, high energy protons can either be extracted from the synchrotron or be directed into a 
target within the ring to produce secondary particles. There is the weak focusing synchrotron, 
where the vacuum chamber and size of machine have to be made large, resulting in increased 
cost, and the strong focusing synchrotrons called alternating gradient synchrotrons (AGS) 
which have reduced size and cost. An example is the strong focusing AGS 'at Brookhaven in 
the USA with energy of 30 BeV and magnet weight 4000 tons, while the weak focusing 
Bevatron has an energy of 6.2 BeV and magnet, weight 10000 tons. 

The zero gradient synchrotron (ZGS)(1) is another type whereby the magnetic field is 
uniform which makes magnet design easy. 

With no limitation on energy increase in the synchrotron it was possible to build a 500 
BeV accelerator complex at Fermilab in the U.S.A. which started operation in 1972, and a 
400 BeV complex at CERN in Switzerland. The two atom smashers were basically the same 
with some differences in their injection system. The Fermilab complex(2), (Fig. 5) consists of 
four accelerators in series the last stage being the main ring synchrotron which is 2 kilometers 
in diameter to yield a 500-BeV beam whose intensity is 2.5 x 1013 protons / pulse. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Fig. (4): Schematic of the Birmingham Synchrotron 
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Fig. (5): Schematic of Accelerator Complex at Fermilab 

  
Main-Ring 

Synchrotron (500Bev) 



 

-56- 

 

With these machines research on elementary and subnuclear particle physics, (Fig. 6), 
have resulted in exciting discoveries of new particles and formulations of new theories aimed 
primarily at a better knowledge of our universe, like discoveries of sub-nuclear particles of 
the quarks, and in particular of a particle discovered in 1977 given the name "Upsilon" whose 
mass is more than ten times heavier than the proton. The need arose, therefore, and attempts 
continued to develop super-high energy machines. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. (6): Elementary Particles 
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 Fig. (7): Location of POPAE on the at Fermilab site (Referance 1) 

COLLIDING-BEAM ACCELERATORS 
An example of C.B.A.S, the Energy Doubler/Saver (ED/S)(3) is a ring in the same tunnel 

with the main 500-BeV Fermilab ring, but using superconducting magnets to increase B to a 
much higher value and reduce the size of vacuum chamber at a great saving in magnet power. 
The 500-BeV beam was injected into the ED/S ring to ultimately raise the energy to 1000 
BeV. The proximity of two accelerated beams in the same tunnel made the prospect of 
colliding these beams an obviously attractive possibility. Thus, in fixed target accelerators the 
center-of-mass energy E=  W88.1 , while for colliding beams E=2 W , (W being laboratory 
energy of each of the beams in head-on collision. 

A development in this direction is the POPAE project, (Fig. 7), which aims at the 
construction of a facility consisting of l000-BeV on l000-BeV proton-Proton colliding beams 
to yield the Tevatron 2000-BeV center-of-mas energy which, if in a fixed-target accelerator, 
would require a beam of more than 2 x 106 BeV. 
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The Large Electron-Positron Collider (LEP): 
LEP is super high energy accelerator which is thought to be one of the grandest and 

most costly undertakings in the history of science so far. It is a mammoth particle racetrack 
residing in a ring-shaped tunnel 27 kilometers in circumference that run 110 meters on the 
average beneath landscape of villages and farms at CERN, along the French-Swiss border. 
LEP is built on a pharonic scale, its excavation and that of four huge experimental halls, 
required the removal of 1.4 million cubic meters of earth, roughly half the volume of the 
Great Pyramid of Cheops. 

 
Operation of the LEP is as follows (Fig. 8): 
 

1- Positrons are created in a linear accelerator and then stored in a storage ring, 
2- Electrons and positrons are accelerated in synchrotrons,  

3- The particles are injectd into the LEP ring, the two kinds then circling in opposite 
directions, and, 

4- The particles collide head-on in one of the four experimental halls. 
The real work is conducted in the main four experimental halls spaced equidistantly 

around the 27-Km central loop. They are dedicated to the same research goal: capturing and 
analyzing the feathery traces left by short-lived collision products in hopes of discovering 
something new and unexpected. They are monitored by four teams of scientists, each 
pursuing its own experimental path: Fig. 8.  
 
ALEPH : a team from 10 countries building a fast, reliable, but fairly simple particle detector 

hoping to make a major discovery, 

OPAL   :  an eight-country collaboration which tried and tested techniques for measuring the 
trajectory and momentum of charged particles, 

DELPHI : a 17-nation team building the most complex detector; a 5.2-meter superconducting 
magnet packed 'with sensitive instruments, and, 

 L3     : a 13-nation project, the largest and most ambitious of the four experiments is 
exceedingly sensitive detector which has been constructed to boast the world's 
most powerful electromagnet. 
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Fig. (8) GERN's Large Electron-Positron Collider 
 
Operational since 1989 
Maximum collision energy: 100 billion electron volts to be 200 billion by 1992) 
Type: electron-positron collider 
1. Positrons are created in a linear accelerator and then stored in an accumulator ring. 
2. Electrons and positrons are accelerated in synchrotrons. 
3. The particles are injected into the LEP ring, the two kinds then circling in different 

directions. 
4 The particels collide head-on in one of four experimental halls. 
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LEP has already started operation in 1989 with a maximum energy of 100 BeV to be 
raised to 200 BeV in 1992. In the main tunnel, room is left for a proton accelerator, the so--
called Large Hardon Collider, to be installed above the loop of LEP. It would be four times as 
powerful as the Tevatron and almost half as the proposed superconducting supercollider. 
 
The Superconducting Superco11ider: 

Still higher-energy atom smashers seem to be needed in an attempt to make possible an 
understanding of the development of the universe, the evolution of the elements and the 
behaviour of atomic nuclei. In this respect accelerators are time machines that recreate the 
primordial fireball in miniature to unlock its secrets. The collision of two accelerated particles 
releases enormous bursts of energy. But that energy instantly condensed into a new array of 
particles, some of which may not have existed since the Big Bang. But none of the current 
generation of accelerators are powerful enough to re-create the very earliest fraction of a 
second after the Big Bang, where answers to the most intriguing mysteries are thought to lie. 

U.S. scientists have, therefore, taken the bold decision, of building a colossal collider 
that will dwarf today's accelerators. This is the Superconducting Supercollider (SSC) which 
will have a tunnel that will circle for 87 kilometer under the countryside surrounding 
Waxahachie, Texas, was expected to be completed around the year 2000, having a maximum 
collision energy of 4000 BeV. Being a proton-proton collider, an injector accelerator (Fig. 9) 
injects a high energy proton beam into two rings to be accelerated in opposite directions. The 
beams will cross at experimental halls. The counter rotating beams of protons which are 
strongly focused to an extremely small diameter contain quadrillions of particles will whip 
around the ring-shaped tunnel 3000 times producing up to 100 million collisions every 
second. The magnets amount to 10000, using superconducting wire enough to circle the 
earth's equator 25 times. The cross section diameter of the tunnel is 305 cms, as illustrated in 
Fig. 9 which gives the size comparison of the SCS with CERN's LEP, Stanford Linear 
Collider and Fermilab's Tevatron. 
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Fig. (9) Superconducting Supercollider 

 
Operational by about 2000 
Maximum collision energy: 40 trillion electron volts. 
Type: proton-proton collider 
1. Protons will be collected in the injector.  
2. They will be sent into two pipes and will circle in opposite directions.  
3. The beams will cross at experimental halls. 
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THE LARGE HADRON COLLIDER (LHC) 
 

After the cancellation of the SSC project because of its exceeding budget  
($ 10 billion, $ 2 billion of these were already spent), a decision was taken by CERN to 
construct the LHC which will be a smaller version of the SSC, and will cost much less. It will 
be housed in the existing tunnel of LEP. 

 

  

  

Fig. (10) 
Colliders that accelerate beams of protons or protons and antiprotons create the 
highest-energy collisions for the study of the most fundamental particles. A proton-
proton collider has two rings of magnets, each with opposite field direction to guide 
the protons in opposite directions. At the same time, other magnets interspersed in 
each ring, focus the particles into tight, concentrated beams. These counter-rotating 
beams meet and cross one another in the interaction regions, where sophisticated 
detectors are installed to capture evidence of the fundamental particles created by 
collisions between individual protons. 

  



 

-63- 

The LHC is intended to smash protons against protons at energies sufficient to reveal the 
nature of matter and to consolidate the prevailing general theory of elementary particles. 
The LHC would have collision energy of 14 TeV, which will still be higher than the present 
most energetic proton collider, the Tevatron which has an effective energy of about 2 TeV,  
LHC will rely on cascade acceleration using a series of boosters and rings, each optimized for 
a specific energy range, Fig. 10. Initial acceleration takes place in a proton booster and in the 
Low Energy Antiproton Ring (LEAR). Next, the protons and antiprotons are fed into the 
existing Proton Synchrotron, then into the existing super proton synchrotron, and finally into 
the main storage ring, where bunches of protons and antiprotons are made to collide. 

 
 

THE MYSTERIOUS UNIVERSE OF ELEMENTARY PARTICLES 
Current understanding of elementary particles is summed up in what physicists call the 

standard model. This model is built out of two kinds of particles and three basic types of 
forces: namely, force particles and matter particles, plus gravity, the strong force (which binds 
quarks together into protons and neutrons), and the electroweak force.  

The photon, carrier of the electromagnetic force, is an example of a force particle, while 
the electron is a matter particle. The electromagnetic and weak components of the 
electroweak force were considered distinct unit the 1970s, when high-energy experiments 
revealed their underlying symmetry and similarity. 

This was one of the great experimental discoveries of the 1960s, 70s, and 80s, made 
largely at U.S. and European accelerator laboratories. They can be summarized by listing the 
force and matter particles observed then for the first time. The W and Z particles, for example, 
discovered in 1983, are the force particles for the weak interaction, they are particularly 
massive 80-90 times more so than the proton. They were found at CERN. 

Quarks, the main constituents of protons and neutrons, are particles with fractional 
charge: +2/3 or -1/3, if the charge of the electron is taken as -1. the proton is basically 
composed of two +2/3 and one -1/3 quark, for a total charge researchers of +1, and so on. The 
top quark, which researchers at Fermilab claimed to have found, weighs 174 GeV- as much as 
the nuclear of a gold atom. So far three families of quarks have been found. Each has a pair of 
quarks and a corresponding pair of leptons, which are electron-like particles that interact with 
electromagnetic, gravitational, or weak forces. 

The first real mystery about elementary particles concerns neutrinos. In the standard 
model, the neutrino is a partner to the charged lepton, otherwise known as the electron. There 
are three types of neutrinos, labeled by the lepton type electron, muon, and tau. However, the 
electron is more than 50000 times as massive as the electron neutrino, and there are hints 
from solar-neutrino experiments that the mass ratio could actually be more than a billion to 
one! 

Why are the neutrions so massless? No conservation law or other physical principle 
demands this. On the other hand, if one of the neutrions were to have a mass of only 30 
electron volts, then the mass of all the neutrions in the universe (left over from the Big Bang) 
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would far exceed that of all other matter (the matter in stars, humans, Buicks, and so on). 
This, in turn, could mean that the universe will eventually collapse in what British physicist 
Stephen Hawking has called the Big Crunch. 

How can such tiny neutrino mass be measured? It is done by exploiting an interference 
effect, similar to that for light waves, called neutrino oscillations. Experiments along these 
lines are being set up in the United States and at CERN, and other experimenets, planned in 
which a neutrino beam will be shot from CERN to the Gran Sasso Laboratory, west of Rome. 

This leads us to the second mystery of elementary particles: where does their mass come 
from? This question is deceptively grand, implying as it does a reference to the mass of all 
matter in the universe. In the standard model, mass derives largely from the force created by 
the exchange of a new particle called the Higges boson (after the theory formulated by the 
Scottish physicist Peter Higgs). The discovery of this particle was the goal of the now 
canceled Superconducting Supercollider, and will be the main goal of the Large Hadron 
Collider (LHC) at CERN. 
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