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How have advances in particle accelerator technology helped the discovery of quarks?


Physicists have long needed a tool that allows them to create and observe fundamental particles that all matter consists of. It had been long expressed by early particle physicists that they require a source of particles of higher energies then those produced in radio-active decay for the study of the sub-atomic structure of the atom. In 1932 John Cockroft and Ernest Walton constructed the first particle accelerator designed for accelerating protons to 600KeV. (Bromley 2) This accelerator allowed them to create lithium isotopes, proving the practicality of the device. Since 1932 there have been many advances in particle accelerator technology yielding higher collision energies resulting in the capability of producing of more massive quarks (charm / strange and top / bottom) and increasingly accurate devices capable of observing these short lived particles. As a result of technological increases, particle accelerators have led to the discovery of quarks.


By 1961 physicists had discovered multiple hadrons and were searching for a method of grouping these particles based on their properties; however, no system of organization had been created. Independently, physicists Murray Gell-Mann and George Zweig, created a system where hadrons were organized by charge and strangeness.  Gell-Mann proposed that hadrons are composed of smaller fundamental particles of a fractional charge called quarks. His original model composed of three quarks: up, and down, found in protons and neutrons, as well as the strange quark, having a property that causes particles containing this quark to have a longer lifetime. This system mathematically described particle mass, charge and strangeness, eventually becoming the organizational system using today. (Trefil 138)


It soon became clear that quarks actually did exist and were not just mathematical models. In early experiments particles of low mass and charge were detected in bubble chambers. They were immediately identified as quarks. 

In 1964, Sheldon Glashow, and James Bjorken proposed that a new type of quark, charm, the matching pare for strange, existed, however the mass of the quark was so large that it could not be produced by the accelerators currently available. (Han 139) Various electrostatic accelerators powered by the Van de Graaf generator and other types of high voltage generators had reached powers of 9MeV, however this was still not enough energy to produce the charm quark. (Bromley 10)


In 1932 a second type of accelerator, the cyclotron was also created. This type of device accelerated particles in a circular path by applying an oscillating potential to two accelerating electrodes while guiding the particles in a magnetic field. By the 1960’s cyclotrons had reached energy levels of 22MeV, however, while this was a considerable improvement in the energy level, this was still short of the energy required to produce the 1.3 GeV/c^2 charm quark. The principal of circular acceleration of particles contained in a magnetic field was however utilized to impart more energy on particles for collisions. This method was the creation of the synchrotron. (Wille 15)


Simultaneously the design of a more powerful type of linear accelerator had been completed. This was the RF linear accelerator. As compared to the electrostatic linear accelerator, the RF linear accelerator has many technological advantages. The ability / necessity of a conductive accelerating structure made fabrication of the beam-line, made out of copper, significantly easier then the use of glass, as required in electrostatic linear accelerators. Second the use of microwave generators to produce an internal electric field for accelerating particles did not require extremely high voltages to produce high energy levels like electrostatic linear accelerators required; they only would have to supply a lower voltage level to the microwave generators. (“SLAC”) Previously, the leakage of charge on Van De Graaf generators due to the high potential voltages imparted had limited electrostatic accelerators due to the difficulty of insulating the generator from leakage. (Bromley 12)


The synchrotron utilized the principles of both, the RF linear accelerator as well as the containment of particles in a magnetic field was utilized to impart extremely high energy levels to particles. The synchrotron operates much like a storage ring, trapping the particle in a circular path, however every revolution the particles gain more energy due to the accelerating section. As the particles are accelerated the magnetic field increases, maintaining the particle path at a constant radius. After the particles are accelerated to a given velocity the beam is diverted out of the synchrotron. This principle in 1953 was utilized at Brookhaven National Lab when colliding 3GeV protons with stationary targets. (Trefil 88)

The synchrotron does have a problem with accelerating electrons. As the velocity of a given electron increases, it gives off an increasing amount of energy in the form of radiation when its path is changed. Therefore as the electron moves in a circular path in a synchrotron it continually gives off radiation energy limiting the maximum power of accelerated electrons in a synchrotron to about 8 GeV. Due to this problem in acceleration electrons, RF linear accelerators are used for electron collisions. The linear nature of these devices does not require the electron beam to be bent therefore allowing higher beam energy when electrons are accelerated over a long distance. In 1966, the Stanford Linear Accelerator Center (SLAC) began operation. SLAC collides 50 GeV electrons with positrons to produce sub-atomic particles. (Trefil 92)

When electrons or protons collide with a target the kinetic energy given to it by the accelerator is converted into the extra mass in quarks (charm / bottom / top). Consequently if more energy that is put into accelerating a given particle, that energy would be converted into a greater mass when that particle collides with a target. If a particle with a larger mass is collides, the products will have greater mass due to the additional mass and energy input. At SLAC, a slightly different method is used; electrons and their anti particles, positrons are both accelerated. At the end of the accelerator they are split into a storage ring, the electrons are directed one way, the positrons are directed the other way. When the two beams meet, the particle and the anti-particle annihilate, doubling the total energy available. (Wille 27)

It soon became clear that in order to observe more massive quarks; a new type of detector had to be developed. Bubble chambers that were previously used to detect sub-atomic particles could not be used to identify quarks due to issues relating to sensitivity and the short life as well as high velocity of these particles. In order to identify the particles produced, a suitable detector had to be developed. To this effect, the solid state solenoid detector was developed. The innermost layer is the vertex detector, this detector determines the origin of the particles generation by determining its position as it passes through two cylindrical shells. The next region is the drift chamber, which detects the particle’s momentum. Next the particles pass through a Cerenkov detector that measures the particle’s velocity. These detectors are surrounded by various calorimeters, not used for detecting quarks. The entire assembly is surrounded by a solenoid that generates a magnetic field, which alters the particles trajectory through the detector in order to determine its velocity. (“SLAC”) Using proton / target and electron / positron collisions Brookhaven National Lab and SLAC, respectively, in conjunction with the solenoid detector, co-discovered the charm quark. (Han 139)

FERMI later discovered the bottom quark , mass = 4.3 GeV/c^2, in 1977 utilizing a proton / target collision generating synchrotron and a solenoid detector (Han 140)

In 1986 FERMI began to develop a new accelerator in order to be the first to claim the top quark, mass = 175 GeV/c^2. In order to produce such a heavy quark a synchrotron designed for use with super-conducting beam-bending electromagnets was constructed. The super-conducting magnets allowed an extremely high magnetic field to be erected around the synchrotron in order to contain the particle beam. Due to the problems with accelerating electrons with synchrotrons, FERMI designed their synchrotron to produce 900 GeV proton / anti-proton collisions. This allowed the accelerator to impart an extremely high amount of energy to the protons while utilizing the benefits of matter / anti-matter collisions. Due to the ability of this system to impart energy levels greater then the net energy required to create the top quark, the creation of this particle was possible. The production of this quark was confirmed by FERMIs solenoid detector in 1995, completing the standard model originally theorized by Gell-Mann in 1961.

The technological increases in particle accelerators that led to the discovery of quarks began with the increase in imparted energy necessary for the production of charm, bottom, and top quarks. These increases in beam-line energy were due to the development of RF linear accelerators, used in linear colliders as well as synchrotrons. Specifically in synchrotrons the use of super-conducting magnets allow greater energy to be imparted to protons / anti-protons by increasing the maximum containment energy. The development of solenoid detectors allowed the detection of quarks and the quantification of their masses.

Elementary-Particle Physics. Washington, DC: National Academy Press, 1998.  

 Han, M Y. Quarks and Gluons. Singapore: World Scientific, 1999.  

 Bromley, Allan Ed.  Large Electrostatic Accelerators. Amsterdam: North-Holland, 1974.  

“SLAC Virtual Visitor Center”. 30 July 2002. Stanford University. 15 Jan. 2003 

<http://www2.slac.stanford.edu/vvc/Default.htm>

 Trefil, James S. From Atoms to Quarks. New York: Charles Secribner's Sons, 1980.  

 Wille, Klaus. The Physics of Particle Accelerators. New York: Oxford, 1996.
