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Abstract 

Accelerators for Research and Applications* 

Jose R. Alonso 
Lawrence Berkeley Laboratory 

1 Cyclotron Road, Berkeley, CA 94720 

The newest particle accelerators are almost always built for extending the frontiers 

of research, at the cutting edge of science and technology. Once these machines are 

operating and these technologies mature, new applications are always found, many of 

which touch our lives in profound ways. The evolution of accelerator technologies will be 

discussed, with descriptions of accelerator types and characteristics. The wide range of 

applications of accelerators will be discussed, in fields such as nuclear science, medicine, 

astrophysics and space-sciences, power generation, airport security, materials processing, 

and microcircuit fabrication. 

What is an accelerator, and how does it work? 

What we call an accelerator, or better said, a particle accelerator can be defined quite 

succinctly. It is a device which takes charged particles, electrons, protons or ions (atoms 

with one or more electrons removed [or added]), forms them into a beam and accelerates 

them to a high energy. Although this defmition can cover a tremendous range of territory, 

from something you can hold in your hand to giant devices many miles in circumference 

buried several hundred yards underground, all accelerators have the same types of systems. 

First of all, a source of charged particles is needed. There are many types of 

sources, all are based on adding heat or energy to a material or gas to make the charged 

particles desired. The electric charge of the particle is crucial to the whole acceleration 

process, it provides the handle we can grab onto to steer, focus and accelerate the particle. 

A neutral particle will just travel through the electric and magnetic fields we apply, 

essentially unaffected. These particles are made in the source by being boiled off of a 

surface, or ionized in a gas discharge. Electron sources are called "guns", and usually 

consist of a hot filament that emits electrons, the most common example of an electron gun 

is seen in a TV tube, the filament can be seen glowing at the base of the tube. (Yes, your 

television set is a perfect example of an accelerator!) Sources of all other charged particles 

are called "ion sources" and come in many types, with such names as PIG (Penning Ion 

Gauge}, Duoplasmatron, ECR (Electron Cyclotron Resonance), MEVVA (MEtal Vapor 

Vacuum Arc), etc. These all work on the principle of an electrical discharge, the same 
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condition one finds in a fluorescent tube, although with a lot more energy dumped into the 

discharge. The charged particles produced hang around the source until they are drawn out 

of the source-area by a strong electric field which "extracts" the particles from the source. 

They are brought to the area where they are accelerated by a transport system, 

which can be very short, as is the case with a TV tube, or very long in the case of the 

largest accelerators. Transport always occurs in a vacuum, as these particles would be 

slowed down and scattered if they had to pass through air. To guide the particles and form 

them into a beam they must be focused and steered. The principles of focusing and 

steering particle beams is exactly the same as light beams, the lenses one uses for focusing 

are made from special magnets called quadrupole magnets but have the same properties as 

glass lenses for light. Mirrors, used for bending light beams have their equivalent in dipole 

magnets. Specially shaped electric fields can also be used for bending and focusing beams, 

although such fields are better only at the lowest energies. "Beam transport magnets", as 

they are called, can be very small for low energy beams straight out of the source, 

weighing only a few pounds, to many tons for those needed to transport the very stiff high

energy beams after they have been accelerated They are typically electromagnets, because 

one can "tune" these magnets by varying the electric current in them and so adjust the 

focusing and steering of the beams. 

Accelerating of the particles is always done with electric fields. The simplest 

accelerator, the DC (or high-voltage) accelerator uses a constant electric field made by 

putting a high-voltage supply across two points like the two plates shown in Figure Ja, and 

letting the beam come through a hole in the first plate and be accelerated in the field between 

the plates then steering it through the hole in the second plate. This simple system works 

very well for TV -type energies, and is OK up to energies of a few million volts, but above 

this the electrostatic generators needed become very large and cumbersome, and great care 

must be taken to prevent the terminals from breaking down. The highest electric potential 

used today in an accelerator is at Oak Ridge National Lab, their Van de Graaff-type 

machine has a terminal potential of about 25 million volts. The accelerator is about 50 feet 

long, and the area surrounding the vacuum accelerating tube is filled with a high pressure 

gas, sulfur hexafluoride, to prevent breakdown. 

To get higher energies, or to make more compact lower energy machines, one must 

use time-varying electric fields. Such RF (radio frequency) accelerators have specially 

designed metal structures, called "cavities" which shape and control the RF fed into them 

so as to provide the fields needed for acceleration. The accelerating fields can be either 
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"travelling wave", where particles ride on the crest of the electric field wave as it travels 

down the tube, much like a surfer riding a wave (Figure 1c), or "standing wave" were the 

field points one way or the other in the whole structure, changing directions at a rate 

determined by the frequency of the RF. A standing wave accelerator can be likened to 

water in a bathtub, which can be made to slosh back and forth by moving your hand back 

and forth at the right rate to excite a resonant standing wave in the tub. You can think of 

the particle to be accelerated as a cork floating on the surface of the water. When the water 

is mostly at one end of the ti.Ib the cork will move downhill, but then will move back when 

the water is at the other end. With electric fields, however, you can fool the particle into 

not seeing the wave when it would decelerate the particle. This is done by passing the 

particle into a "drift tube", a hollow metal cylinder which shields the particle from the 

unfavorable electric field. The length of the drift tube is made so that the particle comes out 

the other end just as the field has returned to its proper alignment to give the particle another 

kick. Making an accelerator with many drift tubes in a line allows a beam to get many 

kicks as it travels down the accelerating structure, thus using the accelerating voltage many 

times (see Figure 1b). 

Described so far have been linear accelerators, or UNACS. Circular accelerators 

offer some very definite advantages. By bending the particles around in a circle by means 

of magnetic fields, they can be made to pass through the same RF accelerating cavity more 

than once, getting an accelerating kick each time they come around. This allows the re-use 

of the same accelerating structure, generally the most expensive part of the machine. It 

also can make the whole machine smaller and more compact. Two types of circular 

machines are most common, they are shown in Figure 2. 

The Cyclotron, the first circular machine built, uses a large magnet with a ftxed, 

steady magnetic field. In such a steady field the particles will bend in a circle with a radius 

which depends on the particle's energy. Thus as the particles pass through the accelerating 

"Dees" (they are shaped like the letter D) and receive another kick they will travel in a 

slightly larger circle. So, the particles spiral out from the center, their highest energy being 

determined by the diameter of the magnet. Smallest cyclotrons used today have magnet 

poles about 10 inches in diameter, the largest are over 15 feet. To get higher energies you 

need either stronger magnets or larger circles for the particles to travel in. Superconducting 

magnets can give fields about five times higher, and can help a bit, but aren't the answer 

for much higher energies. For this you need a Synchrotron. 
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The principle of a Synchrotron is that instead of allowing the particle to spiral in 

ever bigger and bigger circles as it gains energy, you make sure the particle stays in its 

same orbit, but increase the strength of the magnetic field the particle sees so that as it gains 

energy the field strength exactly corresponds to that needed to make the particle travel in the 

desired orbit. So, you synchronize the particle's energy gain with the value of the magnetic 

field to keep the particles in the same orbit. In this way you can make machines of 

incredibly large diameter, the largest now is about 6 miles across, but don't have to fill the 

whole space with magnetic field. You need only a ring of magnets around the circle, each 

magnet can be quite small compared to the size of the whole machine, because the beam 

particles can be confined to travel in a one-inch tube around the full 20 mile circumference 

of the machine. 

Even though they may not have much energy at first, these charged particles are 

moving very fast. For example, an electron accelerated through 500 volt potential is 

already travelling at about 4% of the speed of light. So, your TV tube, with an accelerating 

potential of about 25 kilovolts is producing an electron beam moving at 30%-of c. Special 

relativity tells us that nothing with rest-mass can travel faster than light, so beams in the 

highest-energy machines are going 99.99 ... % of c, the higher energy not really adding to 

the particle's velocity, only to its effective mass. Even travelling at almost the velocity of 

light in the largest machine today (LEP [Large Electron-Positron collider] at CERN outside 

of Geneva, Switzerland), the particles still take about a tenth of a millisecond to go all the 

way around. 

Evolution of accelerator technology 

Accelerators have been around for about 70 years now. The first ones were 

electrostatic, but the first linac was built in the early thirties. The first cyclotron was built in 

the mid-thirties, and the first synchrotron in the early fifties. The most recent advance has 

been the storage ring, where very high energies are reached by making two counter-rotating 

beams collide. The development of each new type of accelerator technology was 

accompanied by a big increase in the top energy attainable. This increase in energy has 

been quite remarkable over the years, not only for the huge increases that have been 

obtained, but also for the amazing regularity of this gain. Livingston first plotted this 

energy gain with time, this "Livingston plot" (Figure 3) shows that an almost straight line 

can be drawn on a semi-log plot of top energy versus time. The slope of this line tells us 

that the highest energy increases about a factor of a thousand every twenty years. This 
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curve has been amazingly consistent over the last 70 years, and projects that are presently 

under construction or in the planning stages for the next ten to twenty years fall right on the 

curve too. 

If you study this Livingston plot, you notice that the maximum-energy line is made 

up of a bunch of curves, each representing a different technology. Each curve has points 

on it that represent accelerators that were built, with the year in which they were 

commissioned. Each technology shows frrst an increase in energy with subsequent 

machines built, then a leveling off as that technology matured and new machines were built 

that didn't require the highest energies since these highest energies already belonged to the 

next generation of machine. 

The highest energy machines today, the superconducting storage rings, are reaching 

for the stratosphere. However, you will notice that the curves on the Livingston plot for 

the earliest technologies have not stopped. In fact, as new technologies have been invented 

the older machine types have been perfected. These improvements have almost always 

made such machines more compact, smaller, more reliable and less costly. With these 

improvements, a whole array of applications have emerged, ranging from truly exotic to 

very common. Many of these applications touch our lives in a very tangible fashion. We'll 

spend the last part of this paper exploring some of these applications. 

Uses of accelerators 

There are so many different areas where accelerators are used that it is hard to 

categorize them for an orderly discussion. What we'll do is to take each accelerator type in 

turn and list some of the areas where this type of machine is used. We'll start from the 

lowest energy and work our way up. 

High-voltage electrostatic accelerators producing electron beams are generally very 

compact, as stated above a prime example is found in your TV picture tube. At higher 

voltages they are used for producing x-rays by slamming the electron beam into a metal 

target. One of the prime areas where x-rays are used is in medical imaging, by straight 

transmission photography or by computerized tomographic projections (CAT-scanning). 

One also sees x-ray machines at all airports now for screening luggage. 

Electrostatic ion accelerators are used extensively in industry. The fabrication of 

microcircuits requires very precise control of the composition of the semiconductor material 

used, the specific electrical properties of each part of the chip are controlled by adding 
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carefully controlled amounts of impurities. These dopants are implanted into the silicon 

crystal by means of an electrostatic ion implanter. These implanter~ are also being used 

now for modifying the surface properties of special machined pieces, by adding layers of 

the right kind of atoms into Gust beneath) a metal surface you can greatly affect the 

, hardness, abrasion resistance or friction characteristics of the piece. This type of treatment 

is being used in prosthetics such as artificial hip joints, in rocket engines and other critical 

components that must work under extreme environmental conditions. 

Electron linacs are now probably the most widely used accelerator. Although 

typically only about a foot long, they produce beams of a few MeV (million electron volts), 

and are compact enough to be used in hospital radiation therapy treatments of cancer 

patients. They are also widely used in industry for food processing, sterilization of 

packaged food that cannot be refrigerated and thus vastly increasing its shelf-life. Sewage 

treatment plants also use electron linacs now for detoxification of waste material. These 

treatments are safe, economical and highly effective. 

Proton linacs are not as small as their electron counterparts, although a newly

developed machine, called an RFQ (radio-frequency quadrupole) brings commercially 

interesting machines down to a length of about three feet. In this size~ there is a lot of 

interest now in using them for neutron production for screening airport luggage for 

explosives. Explosives cannot be picked out with the x-ray screening devices, but all 

contain large amounts of nitrogen which can be flagged relatively easily with neutrons. 

Some prototype machines for explosives detection are being tested now, and it looks as if 

this will be a large growth area in the future. Much larger proton linacs are being designed 

for other applications. These machines, now many hundred feet long, produce extremely 

high currents and can be used for large-scale transmutation projects. Specific areas of 

interest include reactor fuel breeding, namely the enrichment of low-grade material for use 

as reactor fuel, or, under different conditions the same beams can be used for exactly the 

opposite, namely the burning of high-level waste. Serious projects (quite expensive ones 

to be sure) are being proposed in at least two countries (US and Japan) to build radioactive 

waste treatment facilities, to convert the long-lived waste products in spent fuel into 

shorter-lived isotopes that will render the waste manageable after a few tens of years. 

Ion linacs are being now viewed as one of the leading contenders for harnessing 

fusion power. Two approaches to building fusion reactors now are magnetically confined 

fusion (MFE- Magnetic Fusion Energy) in which a plasma is contained inside a strong 

magnetic bottle (called a Tokamak) and is heated (also, incidentally with beams of 
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accelerated particles) to a temperature similar to that found in stellar interiors at which 

fusion reactions can take place, and inertially confined fusion (ICF). In this latter, 

incredibly strong beams of energy are directed at small pellets which are caused to 

compress the fuel inside them when struck by these beams, this compression being enough 

to again cause heating to where fusion reactions can take place. Lasers have been used so 

far for driving this fusion research, however it is being recognized that laser technology 

cannot be used in power plants because of the poor energy efficiency (ratio of total power 

out of the wall to drive the laser, to the power delivered to the pellet) and the low repetition 

rate, lasers cannot be used for more than about one or two pulses per day compared to the 

several per second that will be needed for a power plant. Ion linacs, producing beams of 

heavy ions such as lead at several GeV total energy (billion electron volts) are being 

designed which can serve as drivers. They will be very big, several miles long, but 

calculations of the economics of power production indicate that a power plant built around 

such a machine can produce electricity at competitive prices. 

Moving to circular machines, cyclotrons are used extensively in nuclear physics 

today, for studies of the structure of nuclei, as well as for studies of new elements and 

isotopes through what can truly be called alchemy. Although it is somewhat easier to 

convert gold into lead than the other way around, the ability to convert one element into 

another is proving to have great commercial applications. 

Isotopes produced in small ( =1 to 3 foot diameter) cyclotrons by proton or ion 

bombardment are used extensively in medical diagnostics applications such as PET 

(Positron-Electron Tomography) imaging. Recently, cyclotrons have been used for very 

high precision mass separation, and in fact can serve in carbon-14 dating. As an example, 

a cyclotron was used a few years ago in the Shroud of Turin project. Higher energy 

cyclotrons (about 4 feet in diameter), producing beams of protons or deuterons of 50 to 

100 MeV are being used now for generating neutron beams for radiation therapy. Some 

good results have been obtained with this type of treatment for selected tumors, and in fact 

even more new therapy ideas with accelerated beams are being pursued now, as will be 

seen below. 

Proton and ion synchrotrons are much bigger machines. From about 30 to many 

hundred feet in diameter, they are now beginning to see very interesting applications. One 

of the smaller of these machines is being brought on line right now in a hospital in 

Southern California (Lorna Linda Hospital) and is dedicated to radiation therapy with 

proton beams. Treatment with charged-particle beams is potentially far superior to 

7 

::.• 



treatment with x-rays, the radiation dose can be controlled much more tightly to kill only 

tumor material while doing very little damage to surrounding healthy tissue. Although still 

very experimental, many thousands of patients have been treated at research centers around 

the world to date and as the appropriate accelerator technology has developed sufficiently, 

machines are now being built for installation in hospital-based facilities. This development 

is very exciting, and promises to be one of the breakthroughs in the treatment of cancer. 

Another use for ion synchrotrons is in the simulation of the space environment. 

Perhaps the greatest hazard in space to man and machine is the radiation dose received from 

high-energy cosmic rays. These cosmic rays are typically ions ranging from protons to 

iron at energies of many hundreds of MeV, and can arise from the surface of stars or even 

be direct residues of long-past stellar explosions. It has been calculated that on a three-year 

mission to Mars, now being seriously contemplated by NASA, about 30% of all the DNA 

in an astronaut's body will be damaged by a heavy cosmic ray. It goes without saying that 

it is vitally important to study the effects of this type of exposure. There are accelerators 

around today, such as the Bevalac in Berkeley, which can very nicely simulate these 

cosmic rays, their beams can be made to look very much like the galactic cosmic ray 

spectrum, both in energy and in elemental composition. In fact, such studies are being 

conducted now, both on the biological effects as well as the physical effects of this 

environment. Not only biological systems are affected by the space environment. The 

degree of miniaturization in today's microcircuits makes VLSI chips particularly susceptible 

to damage from penetration of a cosmic ray particle. Such damage can be mitigated, 

however, by proper chip design, and proper safeguard measures built into the software and 

hardware architecture of the system. Testing of the radiation hardness of such systems 

again is done in ion accelerators. Systems tested are not only space-capsule electronics, but 

also communications satellite hardware and any other devices that might have to operate in 

orbit. 

Electron synchrotrons and storage rings are finding extremely wide uses now. A 

storage ring, by the way, is nothing more than a synchrotron, very specially designed so 

that the beam, once accelerated to its top energy, can be parked in the ring for many hours 

without being lost. In the early days of synchrotrons, one of the phenomena that was 

discovered was that particles accelerated to energies many times their rest energy will emit 

electromagnetic radiation when bent in a magnet. This phenomenon, known as 

synchrotron radiation, was viewed as a nuisance as a significant fraction of the beam 

energy was lost to this process, making the design of big high-energy electron 
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synchrotrons particularly difficult. It was later realized, though, that this radiation could be 

used very profitably, and in fact that rings could be designed to optimize the properties of 

the radiation emitted. So was born the synchrotron light source. These machines can be 

quite large, from several tens to several hundred feet in diameter, although a concerted 

effort is being pursued to build special-purpose machines that are much more compact, 

with diameters more like ten feet. 

Today's synchrotron light sources produce beams of radiation mainly in the 

ultraviolet and x-ray region, with brightness and coherence properties that are quite similar 

to high-powered lasers. As lasers cannot reach this wavelength region, synchrotron light 

sources provide a wonderful extension of laser-based research fields into much higher 

energies than would otherwise be possible. One particularly profitable area of application 

is in fabrication of microchips with a tighter packing density of components than is possible 

by any other technique. This "x-ray lithography" technique is being developed by many of 

the world's largest chip-makers, and should provide the basis for the next generation of 

computer chips. Synchrotron light is also being used in medical work, an area of great 

interest is in angiography. This x-ray procedure, of critical importance in diagnosing heart 

problems, is now a very risky procedure because of the contrast agent that must be injected 

into the arteries because of the inadequate x-ray sources available now. Synchrotron 

radiation offers the potential for much higher brightness beams, and hence a much less 

invasive procedure to achieve suitable diagnostic images. Other exciting applications are, 

x-ray holography, in which one can produce 3-D images of structures approaching 

molecular sizes, surface and subsurface crystalline structure studies with highly coherent x

ray beams, and chemical reaction kinetics by exciting specific bonds in molecules. 

Today's highest energy machines occupy vast spaces and are highly complex 

systems of interconnected rings. The acceleration process is generally a multi-stage affair, 

the particles being passed from one ring to another bigger one sometimes three or four 

times until they reach the fmallargest ring where they are used for experimental purposes. 

The two largest centers in the world today are at CERN, just outside Geneva, Switzerland, 

and Fermilab, southwest of Chicago. Centerpiece of both of these laboratories are large 

storage rings, with two counter-rotating beams that are brought into collision inside huge 

detectors that can collect and analyze the debris from the extremely violent collisions that 

result. The purpose of these experiments is to probe ever deeper into nature's secrets, 

unravelling the mysteries of the structure of matter and the physical laws that all matter 

obeys. With these highest energies we are beginning to see a unification of high energy 
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physics with astrophysics and cosmology, the environment created in these high energy 

collisions being very similar to that which existed in the universe at the time of the Big 

Bang. So, in our modem-day accelerators we can recreate a bit of the universe about the 

way it looked at the beginning of time. 

What does the future hold? 

One thing can be said with a good degree of certainty, that new and bigger 

machines will be built in the future. Already on the drawing boards are accelerators which 

will reach even higher energies than those now achieved, in fact these fall quite nicely on 

the Livingston plot. The SSC (Superconducting SuperCollider) is one such machine, a 

60-mile circumference (20 TeV [tera (1012) electron volt] energy) ring just being now 

begun south of Dallas. Being contemplated for the farther future are machines called linear 

col/iders which are based on developing technologies that produce extremely high 

accelerating gradients. The two-mile long linac called SLAC at Stanford has shown that 

linear accelerators can compete with circular machines for the highest energies, and with 

these new high-accelerating-gradient structures most people believe that a straight-line 

machine will be even better than a circular machine. Beyond this, who knows. People 

who study cosmic rays see, every once in a while, some super-energetic particles, with 

energies many many times higher than anything we could remotely contemplate producing 

here on earth. There are some very interesting accelerators out there, whose mechanisms 

we don't know or understand right now, but these may very well provide the next frontier 

in accelerator energies. 

Moving back to the more mundane, I should point out that all the activities at the 

major accelerator laboratories are not directed solely to building bigger and better machines. 

These laboratories are extremely dynamic areas, where new technologies are being 

developed, spinoffs driven by the needs for the newest accelerators and their experimental 

programs. Examples one can list are, cryogenics, superconductivity, much of the advances 

in computer systems including data handling, networking, control of complex systems. 

Great progress has been made, but there is still a long way to go. Many of the 

applications talked about earlier in this paper are still barely in their infancy. New 

technologies are still needed to bring many of these ideas into full practical realization. 

Compact medical therapy machines, better airport security, nuclear waste treatment are all 

hot research areas now requiring creative minds and clever engineering. Even solving the 

world's energy problem may very well reside in the hands of accelerator physicists of this 
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and the next several generations. It goes without saying that there are extremely exciting 

career opportunities in accelerator physics and engineering today! 

* This work was supported by the Director, Office of Energy Research, Office of High 

Energy and Nuclear Physics of the U.S. Department of Energy under Contract DE-AC03-

76SF00098. 

Invited paper at the 11th Biennial Conference on Chemical Education 
August 5-9, 1990, Atlanta, Georgia 
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