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GLOSSARY

Betatron Circular induction accelerator for electrons.
The magnetic guide field rises during acceleration to
keep particles on a circle of constant radius.

Circular accelerator Cyclic accelerator in which parti-
cles are bent by magnetic fields around closed paths,
passing many times through the same accelerating
system.

Colliding beams System in which the fixed target is
replaced by a second beam of accelerated parti-
cles moving in the opposite direction. The collisions
of moving particles produce very high-energy phen-
omena.
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Cyclic accelerator Particle accelerator in which each
particle passes many times through a small potential
drop to be accelerated to high energy.

Cyclotron Circular accelerator in which protons or heavy
ions spiral outward from the center as they are accel-
erated by a radio-frequency voltage.

Electron volt (eV) Unit used to describe the energy of
particles in an accelerator.

Emittance Areain the transverse phase space (in units of
millimeter—milliradians) occupied by the distribution
of particles in a beam.

Fixed target Target fixed in location that the beam
strikes after acceleration to produce physical changes
of interest.
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Focusing system System for confining divergent parti-
clesinabeam closeto theideal orbit during the course
of acceleration and storage.

High-voltage accelerator Particle accelerator in which
each particle passes once through a high potential.
Examples are Cockcroft-Walton accelerators, Van de
Graaff generators, and Marx generators.

Induction accelerator Accelerator inwhich particlesare
accelerated by electric fields that are generated from a
changing magnetic field by Faraday’slaw of induction.

Linear accelerator Cyclic accelerator in which acceler-
ation takes place along a straight line as particles pass
sequentially through repeated accel erating unitsin syn-
chronism with an electromagnetic wave.

Microtron Circular accelerator in which electrons move
incirclesthat areall tangent at one point wherearadio-
frequency voltage accelerates them.

Radio-frequency system System where particlesare ac-
celerated in cyclic accelerators. Accelerating field is
provided by an electromagnetic wave at a microwave
frequency. The oscillating field must synchronize with
the time of arrival of the particles to be accelerated.

Storage ring Circular accelerator with magnetic field
fixed in time so that one or more beams of particles
can circulate continuously for along period of time.

Strong-focusing system System of aternating focusing
and defocusing lenses which produce a strong net fo-
cusing effect.

Synchrotron Circular accelerator in which particles are
kept in acircle of constant radius by a magnetic guide
fieldthat risesintime asthey are accel erated by aradio-
frequency system.

Wake field Electromagnetic microwave fields excited in
the vacuum chamber by a passing beam.

A PARTICLE BEAM is an ensemble of particles that
movetogether in close proximity. A beamischaracterized
by afew basic parameters such as the particle species and
the average energy of the particles. The beam of particles
must be well collimated so that all particles stay in close
proximity throughout its motion. Deviation of the motion
of individual particlesfromtheaveragemotion of thebeam
must be kept sufficiently small.

The species of particlesin the beam is most commonly
electrically charged. Most common examples of particle
species are electrons and protons. Less common particles
include charged particles such as muons, pions, or neutral
particles such as some specific atoms or molecules. The
physics of accelerators also significantly overlapswith the
physics of light optics and lasers, as light can be treated
as abeam of photon particles.
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A particle accelerator is a device that manipulates the
motion of charged particle beams. The most common ma-
nipulation is to increase the energy of the particles, thus
the term “accelerators” In modern times, however, other
variations which do not accelerate or for which acceler-
ation plays only a minor role have been introduced. All
these devices are also customarily considered as particle
accelerators.

There are al so devicesthat manipulate neutral particles.
The physics of these devices sometimes is considered as
part of accelerator physics because they can be described
by very similar physical principles. Atomic beam devices
and particle traps are examples of this category.

I. INTRODUCTION

A. Parameters Characterizing the Beam

Other than the particle species, the final energy of the
accelerated particles is the most important parameter of
a particle accelerator. The particles have electric charge
equal to the electron charge e or amultiple of it, and they
areaccel erated by potentialsmeasuredinvolts (V). There-
fore, anatural unit of energy isthe electron volt (eV), the
energy acquired by one el ectron chargein passing through
apotential difference of 1 V.

The electron volt is a very small unit of energy (1 eV
=1.6 x 10729 Joule), more directly applicable to energy
levels in atoms than to accelerators. There are therefore
multiples of the electron volt that are used to describe
accelerators.

1keV = 10° eV
1MeV = 10% eV
1GeV = 10° eV

1TeV = 10% eV

The energies of particle accelerators now being operated
range from afew hundred keV to 1 TeV. The sizes of par-
ticle accelerators range from table-top devices to devices
stretching over several miles. Oneof thelargest, the Fermi
National Accelerator Laboratory near Chicago, is shown
inan aeria view in Fig. 1.

A second important parameter used to characterize an
accelerator isitsintensity, usualy the number of particles
moving together in abunch, or, in the case of acontinuous
flow of particles, the number of particles accelerated per
second.

Other parameters characterizing a particle beam in-
clude parameters that specify the degree of collimation
of the beam. In particular, the spread of particle energies
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FIGURE 1 Aerial view of the world’s highest energy accelerator,
the Fermi National Accelerator Laboratory. The acceleratorisinan
underground tunnel. The accelerated beam is extracted for use in
experiments in the areas stretching toward the top left of the pho-
tograph. [Courtesy of Fermilab National Accelerator Laboratory;
Batavia, IL.]

arounditsaveragevalueisonesuch parameter. Thisenergy
spread, or momentum spread, which isrelated, is denoted
by AE/E, and typically ranges from 10~2 to 10~4. Two
more parameters, called transverse emittances, specify the
degree the beam is bunched into atight bundle throughout
its motion. The emittances are denoted by ¢, and ¢,,, and
are in units of millimeter—milliradians. A tightly bundled
beam will require small values of the emittances. These
three parameters, AE/E, €., and ¢, will have to meet the
requirements of the accelerator application in hand.

Still other parameters may characterize specia beam
properties. One example is the beam polarization, which
characterizes the degree of alignment of all the spins of
the particlesin the beam. A high degree of polarization is
a very useful tool in analyzing some of the high-energy
physics experiments.

B. Accelerator Physics Research

Accelerator physics is a branch of physics that studies
the dynamics of the beams in accelerators. Sometimes it
is dso called beam physics, athough, strictly speaking,
accelerator physics studies only the part of beam physics
encountered in accel erators, while beam physics may also
contain the study of neutral particledevices, particletraps,
and cosmic ray mechanisms.

Particle motion in an accelerator has a close anaogy
withlight optics. Onebranch of accelerator physics, called
beam optics, studiesthe motion of particlesin the channel
of accelerator elements. The accelerator elements are ar-
ranged in an optimal manner to guide and focus the beam
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along. For some high-performance accelerators, such as
in an electron microscope or in astorage ring, it has been
necessary to consider very clever element arrangementsin
such away that nonlinear optical aberrations are compen-
sated or minimized. In a storage ring, the beam is stored
for typically much longer than 10'° revolutions, or many
moretimesthan the earth hascircul ated about the sun. Par-
ticle motion will have to be stable for this long a storage
time. Thisbranch of accelerator physicsthereforerequires
a highly sophisticated knowledge of nonlinear dynamics
and chaos physics.

Asthe beam intensity isincreased, the self electromag-
netic fields gets stronger. The beam interacts with its sur-
roundings to create a perturbing wake field, which in turn
may cause the beam to become unstable. A large number
of varioustypes of collective beam instabilities occur due
to the high beam intensity. Understanding and analysis of
this branch of beam physicsis closely related to plasma
physics.

Some high-performance accelerators require colli-
mated beams with very small energy spreads and emit-
tances. Still another branch of accelerator physics ad-
dresses thisissue by innovations of several types of beam
cooling techniques used to reduce the energy spread and
emittances.

Accelerator physicsisboth afundamental research and
an applied research. The above-mentioned aspects are ex-
amples of fundamental research in accelerator physics.
Applied research in accelerator physics concentrates on
the development of accelerator technology, which con-
stitutes a research area in its own right because of the
complication and depth involved. As accelerator applica-
tions put forward increasingly demanding requirements
on the beam, research in accelerator technology becomes
increasingly specialized and sophisticated.

C. Accelerator Technology

Technology provides the means to manipulate the beams
in accelerators. Accelerator research therefore also cov-
ers areas of the physics and engineering of accelerator
technology. Notable examples include the technologies
of high-power microwave devices, room-temperatureiron
magnets, superconducting magnets, large-scale ultra-high
vacuum, intense particle sources, computer control and
networking, fast electronics, high-power switches, and
materials devel opments.

Microwave (also referred to as radio-frequency wave)
technology is the main way to accelerate particles in ac-
celerators. The microwave involved typically has a fre-
quency ranging from afew hundred mega-Hertz (MHz) to
afew tensof giga-Hertz (GHz), whereHertzisafrequency
unit of one cycle per second. Developing high-power
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microwave sources is one of the major technology re-
search activities.

Superconducting magnets provide high magnetic fields
for the purpose of guiding and focusing particle motion
in accelerators. The higher the magnetic field can reach,
the more compact the accelerator can be made. In addi-
tion, superconducting magnets al so save operating power
compared with room-temperature iron and copper coun-
terparts. Developing high-field superconducting magnets
is one important technology issue in accelerator physics.

Superconductivity also benefits radio-frequency de-
vices. In particular, by replacing the room-temperature
copper radio-frequency cavities by superconducting cavi-
ties, one can reach high accelerating fields and save oper-
ating power. The development of superconducting radio-
frequency cavities has made substantial progress in the
past two decades.

There are also accelerator applications using high-
temperature superconductors. Research in this direction
has also made progressin recent years.

II. HISTORY

During the nineteenth century, physicists experimented
with Crookes tubes, evacuated glass systems containing
internal electrodes. A current of electronswill flow whena
voltageisapplied between these el ectrodes. J. J. Thomson
used a Crookes tube in his discovery of the electron in
1890. Rontgen discovered X-rays using a Crookes tube
in 1896. The X-ray tube was later made into a practical
device for use in medicine by Coolidge.

Rutherford spurred the devel opment of particle acceler-
atorsfor useinnuclear physicsresearchinafamouslecture
in 1920. He pointed out the need for higher energy parti-
cles for the further understanding of the atomic nucleus.
During the next decade, both high-voltage and cyclic ac-
celerators were invented. Many different methods of pro-
ducing high voltage were demonstrated, but there was al-
ways great difficulty in avoiding sparks at high voltage.
Cockceroft and Walton, in Rutherford’s Cavendish Lab-
oratory, developed a successful accelerating tube. They
used an existing voltage-multiplying circuit and built a
300-keV proton accelerator, which they used in 1932 to
do the first nuclear physics experiment with accelerated
particles.

Ising was the first to conceive (in 1925) a cyclic accel-
erator, a drift-tube linear accelerator. Wideroe expanded
the idea and built a working accelerator in 1928, and ac-
celerated mercury ions.

Perhaps the most important consegquence of Widerve’s
work wasto stimulate Lawrenceto conceivethe cyclotron.
Lawrenceand Livingston built thefirst operating cyclotron
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FIGURE 2 The vacuum chamber of the first Lawrence cyclotron.
[Courtesy of LBNL.]

(at1.2MeV)in1932. A succession of cyclotronswasbuilt
in Lawrence’s laboratory through the 1930s and reached
5to 10 MeV. Their original cyclotron is shownin Fig. 2.

Lawrence’s cyclotrons and electrostatic generators,
which had been conceived and demonstrated by Van de
Graaff in 1931, were used for nuclear physics research
throughout the 1930s. Both were limited to energies of
15 MeV or less, and reaching energies beyond this limit
was a mgjor topic of research in the 1930s. Thomas
proposed the azimuthally varying-field (AVF) cyclotron
in 1938, but his work was not understood until much
later. Kerst, with the help from an orbit dynamist, Ser-
ber, built the first successful betatron in 1941 and built a
second 20-M eV machine before World War 11 intervened.
A 100-MeV betatron was built in 1945, and a 300-MeV
betatron afew yearslater. Thismodel of betatron was built
inlargequantitiesfor usein X-ray testing of large castings,
particularly for the armor of military tanks.

The next great step in energy began in 1944 and 1945
when Vekdler in the U.S.S.R. and McMillan in the U.S.
independently conceived the principle of phase stability,
permitting frequency modulation of the accelerating volt-
age in a cyclotron to overcome effects of relativity and
making the synchrotron possible. In 1946, the first syn-
chrocyclotron was operated and a number of 300-MeV
electron synchrotrons cameinto operation in the next few
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years. The research done with these accelerators was im-
portant in studying the properties of the pion.

World War 11 radar work had stimulated the develop-
ment of radio-frequency power sources and these were
used in linear accelerators. Traveling-wave electron linear
accelerators, at frequencies of approximately 3 GHz, were
extensively developed by Hansen, Ginzton, Panofsky, and
their collaborators. This effort led over the years to the
50-GeV Stanford Linear Accelerator of today. Alvarez ex-
tended the concept of the drift-tube accelerator for heavier
particles and built the first of many drift-tube accelerators
used in physics and chemistry research and as injectors
for synchrotrons.

Work aso began in the late 1940s to build proton syn-
chrotrons. The first proton synchrotron, the 3-GeV cos-
motron at Brookhaven, NY, came into operation in 1952,
and the 6-GeV Bevatron at Berkeley, CA, came into op-
eration in 1954. An interesting precursor, a1-GeV proton
synchrotron, conceived in 1943 independently of the prin-
ciple of phase stability, was built in Birmingham, U.K.
However, the project was too ambitious for the resources
available at the time, and the machine did not come into
operation until July 1953. The proton synchrotrons were
used for research in heavier mesons, the “strange” parti-
cles that had been observed in cosmic-ray experiments,
and in antiprotons.

Speculative discussions aimed toward increasing the
highest accelerator energy led to the conception of the
strong-focusing principle by Courant, Livingston, and
Snyder in 1952. It was later found that Christofilos had
developed the principle independently in 1950. Strong or
alternating-gradient focusing keepsthe oscill ations of par-
ticles about the ideal orbit small and makes possible com-
pact and economical magnets.

The discovery of strong focusing led to an explo-
sion of ideas. In 1953, Kitigaki and White independently
conceived the separated function strong-focusing syn-
chrotron, which made possible higher guide fields and
more economical designs. In 1958, Collins conceived the
long straight section, which made possible economical
configurations with space for injection, acceleration, ex-
traction, and detection equipment. As well as making it
possibleto goto ahigher energy with proton synchrotrons,
thestrong-focusing principlegaveimpetusto new thinking
in many other directions. Linear accelerators were greatly
improved in performance by the addition of strong focus-
ing along the orbit, first conceived by Blewett. The AVF
principle was rediscovered by anumber of people, anong
them Kolomensky, Ohkawa, Snyder, and Symon. It was
extended to spiral-sector focusing by Kerst in 1954. Kerst
then proposed that successively accelerated beams could
be “stacked” in circulating orbits in a fixed-field alter-
nating gradient (FFAG) accelerator, avariant of the AVF
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configuration. Theintense stacked beam can then be used
in colliding-beam experiments. The concept of colliding
beams had been known for many years (it was patented
in 1943 by Wideroe), but beam stacking is essentia to
achieve useful rates of collisions. Shortly afterwards, a
number of people (Newton, Lichtenberg, Ross, and, inde-
pendently, ONeill) proposed the concept of astoragering
separate from the accelerating device. The storagering is
abetter colliding-beam system than the FFAG accel erator
becauseit isless costly and because it provides more free
space for detectors.

Experimental confirmation of these ideas did not lag
far behind. The first strong-focusing electron synchrotron
wasa1l-GeV synchrotron operated by Wilson and his col-
laboratorsin 1955 at Cornell University, followed by sev-
eral other electron synchrotrons. The FFAG principle and
beam stacking were demonstrated by Kerst and his col-
laborators in the 1950s. Traveling-wave electron linear
accelerators reached 1 GeV in this same era, and a series
of important experiments on electron-proton scattering
was done that elucidated the structure of the proton. The
first electron storage rings were built and operated in the
early 1960s at Stanford, CA; Frascati, Italy; Novosibirsk,
then-U.S.SR.; and at Cambridge, MA. Two large pro-
ton synchrotrons of 28- and 33-GeV energy were built
by CERN, a new international laboratory in Europe, and
by the Brookhaven Laboratory. These became the foun-
dation of major advancesin high-energy physics, with the
discovery of many new particles and the beginning of a
conceptual ordering among them and understanding of
them. The electron synchrotrons and the Stanford Linear
Accelerator, which reached 20 GeV in 1966, added to this
understanding.

In the late 1960s, the first mgjor proton storage ring,
the ISR, was built at CERN. It stored and collided two
proton beams of 28 GeV each. Colliding these two beams
isequivalent to afixed-target accel erator of over 1500 GeV
energy.

The second generation of strong-focusing synchrotrons
also beganto bebuilt inthelate 1960s. Theseincorporated
the more efficient separated-function magnet system and
long straight sections. A proton synchrotron that reached
400 GeV was completed at the new Fermilab in Illinois
in 1972. A similar synchrotron was later built at CERN.
These workhorses incorporated new beam-sharing meth-
ods and each could provide beams simultaneously to sev-
eral targets and adozen major experiments. An important
feature that has made this multiple use possibleisthe very
high degree of precision in beam handling and manipu-
lation. The data from these and ISR experiments led to
the development of quantum chromodynamics and elec-
troweak theory, large advancesin our understanding of the
basic building blocks of nature.
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Important experimental evidence also came from the
second generation of electron storage rings, now always
with positrons as the second beam, the first of which
reached 3 GeV ineach beam at Stanfordin 1972. Electron-
positron storage rings have now reached 100 GeV per
beam. As in the case of proton synchrotrons, electron—
positron storage rings have been developed to a high art.
Radio-frequency systemsto replacetheenergy lost in syn-
chrotron radiation are amajor factor in the design and cost
of these rings, but at the same time the synchrotron radia-
tion also provides a beam cooling mechanism that makes
the beam very small in size, making precise manipulations
possible and increasing the colliding-beam interaction
rate. In fact, synchrotron radiation has become a valu-
able experimental tool in its own right for use in atomic
physics and materials science research, and a number of
single-beam electron (or positron) storage rings have been
built as dedicated synchrotron radiation facilities, provid-
ing in particular X-ray beams many orders of magnitude
stronger than can be obtained from a laboratory X-ray
tube.

Thetwo large proton synchrotrons were devel oped fur-
ther in quite different directions. At Fermilab, supercon-
ducting magnets underwent long, arduous devel opment,
and a superconducting magnet ring was built and in-
stalled in thetunnel of the 400-GeV accelerator. It reached
800 GeV in 1983. The CERN synchrotron was converted
to a proton-antiproton storage ring by the addition of a
small ring to accumulate antiprotons, making use of the
new technique of stochastic beam cooling invented by van
der Meer. Colliding-beam experiments have been carried
out there, culminating in the discovery of the W and Z
particlesin 1983.

Thespectacul ar successesof theseaccel eratorsand stor-
age rings have led to a number of new initiatives. A large
electron—positron (LEP) ring to initially reach energies of
50 GeV, and later upgraded to reach over 100 GeV, has
been built at CERN. An electron—proton ring (HERA) has
been builtin Germany. A single-pass, colliding-beam sys-
tem SLC hasbeen built at Stanford. Here, thetwo 50-GeV
beams collide only oncein alinear system, not a circul at-
ing configuration. A useable event rateisachieved by very
small beam sizes (thus increasing the density). Construc-
tion isin progress at CERN on a proton—proton collider,
alarge hadron collider, with 7 TeV in each beam.

In parallel with the above efforts based on more tradi-
tional approaches, research work has been carried out for
many years on new methods of particle acceleration, mak-
ing use of plasmas and lasers, with the goal of achieving
substantially higher accelerating fields.

The historical development of the energy of particle
accelerators is plotted in Fig. 3, the famous Livingston
chart. One can see from the chart that the development
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FIGURE 3 Livingston chart.

of each new type of accelerator gave an energy increase.
Each accelerator typeis eventually replaced by another as
it reaches its limit for producing higher energy beams. It
is evident from the chart that the field of accelerator re-
search has been active and productive over the last several
decades.

lll. APPLICATIONS OF ACCELERATORS

Many types of accelerators are being used today. Exam-
plesrangefromdaily appliancessuch astelevision setsand
microwave ovens to medium-sized accelerators for med-
ical and industrial uses to gigantic devices such as those
used in high-energy physicsand nuclear physicsresearch.

A. Household Appliances

Some household appliances are miniature accelerators.
Most notable examples are vacuum tubes, television sets,
and microwave ovens.

The recent electronic revolution has been based on
semiconductors. However, the first electronic revolution
was made possible by theinvention of thevacuumtubes. A
vacuum tubeisaminiatureaccel erator consisting basically
of aelectric heater, an electron-emitter called the cathode,
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FIGURE 4 Schematic of a cathode ray tube. Actual devices, es-
pecially at the anode, are typically more complex with additional
consideration of collimation and providing accurate focusing of the
beam image on the screen.

and an electron-collector called the anode which is main-
tained at a positive potential relative to the cathode. Such
avacuum tube can be useful in rectifying oscillating cur-
rentsinto adc current, but by adding an additional control
grid between the cathode and the anode, the vacuum tube
becomes an amplifier, a wide application of which trig-
gered thefirst electronic revolution. Most functions of the
vacuum tubes have been replaced by semiconductor de-
vices. However, important applications remain in areas
where high beam power isinvolved.

A cathode ray tube consists of a heater, a cathode, and
ananode, just likeavacuumtube, but theanode here serves
only to provide the accelerating voltage for the electrons
and not astheelectron collector. Electronsare madeto pass
the anode through the passage hole, and strike afluorecent
screen downstream to produce an image on the screen.
The direction of motion of the electrons is controlled by
aset of deflecting plates. Cathode ray tubes are the basic
device for scientific instruments such as the oscill oscope
and the streak camera, but most commonly they are used
in the television set. Figure 4 illustrates the schematic of
a cathode ray tube.

The miniature accelerator used in a microwave oven is
amagnetron, which consists of a cylindrical vacuum tube
surrounded by amagnetic solenoid. A cylindrical vacuum
tube has a cathode at the center of the cylinder and the
anode at the outer cylindrical surface of the cylinder. By
imposing on the tube with an oscillating solenoidal mag-
netic field, the cathode electrons will move in an oscilla-
tory pattern, which in turn generates microwaves. High-
power microwaves are used in radars, but more common
household use is in the microwave oven. In a microwave
oven, the microwave from the magnetron is directed into
the oven from the anode.

B. High-Energy and Nuclear Physics

Particle accelerators are essential tools of high-energy,
or elementary-particle, physics, as it is also caled. In a
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high-energy physics experiment, particles with very high
energies are directed to bombard a target. In the interac-
tion between a projectile particle and the target particle it
strikes, new kinds of particles can be produced that pro-
vide clues to the nature of matter. Systematic study of
these interactions requires controlled, copious production
using accelerators. A similar requirement holds for the
research of nuclear physics. Compared with accelerators
of the household, these accelerators for high-energy and
nuclear physicsresearch aremuch larger in sizeaswell as
in complexity.

When an accel erated particlestrikesastationary particle
in atarget in afixed target experiment, alarge fraction of
theenergy so laboriously put into the particlegoesto move
al the products forward in the direction of motion of the
beam, because momentum is conserved in al collisions.
Thus, a 100-GeV proton accelerator has available only
approximately 27 GeV for making new particles. When
the proton energy isincreased to 1000 GeV, the available
energy increases to only 43 GeV.

A way to make al the energy useful isto utilize a sec-
ond accelerated beam as a target. If the two beams are
moving in opposite directions, the total momentum of the
system is zero and none of either beam’s energy need
be used in moving products downstream. This colliding
beams method is a more economical method of creating
new, higher energy interactions and new particles, as de-
picted schematically in Fig. 5.

The difficulty of a colliding beam configuration is that
thecollisionrateincalliding beamsismuchlower thanina
fixed target because the particle density in abeam ismuch
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- .
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10-2000
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FIGURE 5 Schematic diagram of fixed-target and colliding-beam
experimental methods.
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lessthan in asolid target; therefore, there are many fewer
particles to interact with in a beam. This difficulty can
be partially overcome by storing two circulating beams
of particlesin astoragering. There they pass many times
through one another toincreasetheeffective collisionrate.

In al these experiments, higher energies are needed to
probe to smaller distances within the atomic nucleus. As
a result, there has been a constant drive toward higher
energy.

The highest energies now used for physics experiments
are approaching 1 TeV in fixed-target research and two
beams each of 1-TeV energy in colliding-beam research.
At this time, a collider, the large hadron collider (LHC),
with beams up 7 TeV each is being constructed at CERN.

Reaching higher and higher beam energies is not the
only frontier in high-energy physics accelerators. One
modern class of storage-ring colliders aims for extremely
high rate of events, even at moderate energies. These col-
liders, caled factories, demand a deeper understanding
of the accelerator physicsinvolved. Examplesinclude the
¢-meson factory at Frascati, and the B-meson factories
at Tsukuba, Japan, and Stanford, CA. Both B-factories
started operation in 1999.

A large nuclear physics accelerator, the relativistic
heavy ion collider (RHIC), is newly commissioned at
BNL. By colliding two beams of heavy ions, such asgold
ions, at 100 GeV/nucleon per beam, the RHIC isintended
to create a new type of matter, the quark—gluon plasma,
by the violent collision. Figure 6 shows a glimpse of the
RHIC as seeninitstunnel.

The development of particle accelerators for high-
energy and nuclear physics research is continuing ac-
tively. The above-mentioned LHC, the electron—positron
linear collider research in several laboratories, and the ex-

FIGURE 6 Inside the tunnel of the relativistic heavy ion collider
(RHIC) during installation work. [Courtesy of BNL.)
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FIGURE 7 Spectrometer at End Station A of SLAC. [Courtesy of
Stanford Linear Accelerator Center.]

ploratory design research of amuon collider are examples
of current efforts being carried out around the world.

C. Spectrometer

Soectrometers are devices for the precise measurement of
energies or masses of the particles in a beam. These de-
vices are used, for example, in the secondary beams to
sort out the products of high-energy or nuclear reactions.
Charged particles produced in these reactions are guided
through a spectrometer to analyzing stations. Although
no acceleration is performed on these particles, acceler-
ator physics is needed to manipulate them. The working
principleis similar to that of the prismsin light optics. In
order to be ableto detect rare events, of particular concern
are issues of high resolution, large angular and energy
acceptance, and being able to handle a wide variety of
beams and targets. For short-lived products, it is also nec-
essary to make the spectrometer path as short as possible.
A spectrometer, used in the fixed-target experiment at the
Stanford Linear Accelerator Center, isshownin Fig. 7.

D. Medical Accelerators

Accelerators have been extensively used in medicine. For
example, acommon X-ray machineisa particle accelera-
tor (typically a5- to 30-MeV electron linear accelerator).
Init, electrons are accelerated and made to strike a heavy-
metal target to produce X-rays.

Recently, charged particle beams from accelerators
have been used to treat cancers directly instead of being
used to produce X-rays first. The main limitation of the
use of X-raysto treat cancersis that they deposit most of
their energy where they originally enter the body and, in
order not to damage healthy tissue, the overall dose hasto
be rather limited. On the other hand, particle beams offer
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the advantage of depositing most of the energy in arather
narrow region just before they are stopped in the tissue.

Particle accelerators are also used in medicine to pro-
duce radioactive isotopes, which are then used to trace the
movement of chemicals through the human system as an
aid in diagnosis.

E. Electron Microscope

Electron microscopes are small accelerators of high op-
tical precision and mechanical stability. The wave nature
of the electrons allows them to be used in a microscope
to replace optical light. The very short wave length of
the elctrons makes it possible to achieve resolutions not
achievable with the optical microscopes. With close at-
tention paid to its beam optics, including compensation of
their high-order aberrations, modern el ectron microscopes
now achieve unprecedented resolutions in the Angstrom
range, permitting views of single atoms.

F. Synchrotron Radiation and Free
Electron Lasers

Another scientific application of acceleratorsthat haswide
use is in the production of synchrotron radiation in the
form of intense ultraviolet light or X-rays. This syn-
chrotron radiation is produced by an el ectron (or positron)
beam stored in a storage ring. The radiation has the prop-
erty of highintensity and excellent collimation. The X-ray
intensity from a synchrotron radiation facility, for exam-
ple, is typicaly severa orders of magnitude higher than
common X-ray sources. Availability of thisintense source
has opened up many new areas of research, including
atomic and molecular physics, biology, chemistry, surface
and material sciences, and micromachining.

A potentially even moreintenselight sourceisprovided
by free electron lasers (FELS). Infrared and ultraviolet
FEL s are being developed all over theworld. X-ray FELs
based on electron linear accelerators are being designed
at Stanford and Deutsches Elecktronen Synchrotron in
Germany. These high-performance accelerators are be-
coming the radiation sources of the future.

G. Microwave Sources

Accelerators are used to generate microwaves, which
are electromagnetic radiation whose wavelength is in
the range between one millimeter to many meters. Mi-
crowaves are useful for radar and for long-distance
communication purposes. They are also used as the ac-
celeration mechanism in al cyclic accelerators. As men-
tioned earlier, magnetrons are amicrowave-generating ac-
celerator. There are many variation of accelerators that
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generate microwaves useful under a variety of circum-
stances. One notable example of such acceleratorsis the
klystron. Compared with the magnetron, a klystron has
a linear architecture instead of a cylindrical one, and it
typicaly is capable of generating microwave power in
the multiple tens of megawatt range in a pulsed operation
mode.

H. Industry, Material Science

The use of acceleratorsin industry has some similarity to
their use in medicine. The particle energies are usually
low, hundreds of keV to 10 MeV in most cases. A major
industrial use is in diagnosis and testing. Pressure ves-
sels, boilers, and other large metal castings are routinely
X-rayed to search for internal flaws and cracks. Particle
energies of 20 MeV or more are often used for greater
penetration of thick castings. Such accelerator devicesare
also used to detect contraband at air- and seaports.

Particle accelerators are also used in materials treat-
ment. Precise concentrations of impurity ions are im-
planted in metal surfacesfor solid-state electronics manu-
facture. Particle beams are used to etch microchipsin the
production of integrated circuits.

Many manufactured objects are sterilized by accelera-
tors. Such sterilization is the preferred method for ban-
dages and surgical instruments because it damages them
less than heat sterilization. The accelerator energies used
for sterilization are low enough that no radioactivity is
induced in the object being sterilized.

Materials are also changed chemically by accelerator
rediation. A notable application is in the polymerization
of plastics. Transparent shrink wrapping is treated by ac-
celerators to produce the desired shrinkability with the
application of heat. Cables are radiated to increase their
durability.

Food preservation by accelerator radiation isalso being
carried out, mostly on atrial basis at this time, but with
some large-scale application by the military services.

A recent accelerator application is the destruction of
harmful bacteria in sewage by accelerator beams so the
treated sewage can then be used as fertilizer.

Some military uses of accelerators have been suggested
but none has as yet been put into actual practice.

I. Chemistry

In addition to industrial chemical applications, accelera-
torsare aso used for research in chemistry. Typically this
involves low-energy (keV or lower) cold beams of neu-
tral or charged molecules of specific species. Interactions
between the mol ecul esin the beam with agastarget or an-
other beam gives information of the interaction potential,
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the dynamics, and the rotation or excitation electronic en-
ergy level structures of the molecules.

J. Neutron Source, Fusion Driver

An intense beam of protons or heavy ions, led to bombard
atarget, can serve as an intense source of neutrons, which
areuseful for material research of industrial or military ap-
plications. Such adeviceis an alternative or complemen-
tary to research reactors. An accelerator that is capable of
producing such intense proton beams is technically very
demanding. A project called Spallation Neutron Source
(SNYS), at Oakridge National Laboratory, TN, with the de-
sign goal of 1 MW beam power, is under construction.

Research and development is being carried out to
test the applicability of accelerators to confined fusion
as energy source. In the systems envisaged, beams of
high-energy particles would be used to bombard a small
deuterium-tritium pellet. The inertia of the beams im-
plodesthe pellet, and in the process, the pellet is heated to
thepoint at which deuteriumand tritiuminthepellet would
fuse. A very large accelerator system would be needed to
produce fusion energy economically. |deas have also been
proposed to use such a system to dispose of nuclear waste
while producing energy.

IV. TYPES OF ACCELERATORS

Accelerators can be divided into two classes, those in
which acceleration is carried out by use of ahigh dc volt-
age, and those in which acceleration is carried out by a
lower but oscillating voltage, which are called cyclic ac-
celerators. Cyclic acceleratorsarefurther dividedintolin-
ear accelerators and circular accelerators.

A. High-voltage Accelerators

In a high-voltage accelerator, a terminal or electrode is
charged to high dc voltage and particles are accelerated
from it to ground potential. If the terminal is charged to
avoltage V, asingly charged ion will gain energy eV in
the accelerator. The maximum possible voltageis limited
by sparking to ground. It is also limited by less dramatic
coronadischarge. With ample spaceto ground and scrupu-
lous attention to detail in design, terminals have been built
that hold 25 MV.

The simplest way to produce high voltage is with an
ac electrica step-up transformer system. X-ray machines
produce voltages up to 1 MV by this method. The beam
isonly accelerated on one-half the ac cycle and variesin
energy throughout the pulse.
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In order to avoid scattering of beam particles by resid-
ua gas, there must be an accelerating tube that is evacu-
ated to low pressure. The voltage drop must be distributed
somewhat uniformly along this tube to avoid sparking.
For voltages above approximately 1 MV, the accelerating
tube is almost always insulated outside the vacuum by a
pressurized gas of high dielectric strength, often sulfur
hexafluoride.

To produce a dc voltage, electric charge is brought to
the terminal. Charge may be brought electronically by
voltage-multiplying circuits (e.g., the Cockcroft-Walton
set and the Marx generator), or mechanically by amoving
belt (e.g., the Van de Graaff accelerator).

1. Voltage Multiplying Devices

The first successful high-voltage accelerator, the
Cockcroft-Walton accelerator, made use of a voltage-
doubling circuit, the Greinacher circuit, shown in Fig. 8.
Two rectifiers act on opposite sides of the ac sinewaveto
charge a capacitance to twice the voltage. The principle
can be extended to many stages. Cockcroft and Walton
accelerated protonsto 300 keV and in 1932 demonstrated
the first nuclear reaction with artificially accelerated par-
ticles. Modern Cockcroft-Walton generators are available
commercially with voltages up to approximately 1 MV.
Specia pressurized systems have been built to 3 MV.
Cockcroft-Walton generators are used often as the first
stage of higher energy accelerator systems because they
produce beams with very good energy regulation. This
application however has nowadays been replaced by the
radio-frequency quadrupoles.

The Marx generator is similar in principle. The recti-
fier system is externa to the capacitor stack. In essence,
the capacitors are charged in parallel, then discharged in
series through spark gaps. Marx generators were origi-
nally used in the 1920s to produce surges of high voltage
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FIGURE 8 Schematic diagram of a voltage-multiplying circuit.
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to test electrical generating and transmitting equipment.
They are used today to produce very intense (1to 10 kA),
short (10 to 50 nsec) pulsesof 1to 10 MeV particles. The
particle energy is poorly regulated during the pulse.

2. Charge Carrying Devices

The most prominent of the accelerators in which charge
is carried mechanically to the terminal isthe electrostatic
generator or Van de Graaff accelerator. In this device,
depicted schematically in Fig. 9, clharge is carried by a
moving belt to the high-voltage terminal. In most modern
accelerators, the belt is made of aseries of insulated metal
links, looking a little like a bicycle chain. Van de Graaff
accelerators played an important role in nuclear physics
development during the 1930s and are still in use in that
field. They are now frequently used in industrial appli-
cations. Because of their inherent outstanding regulation,
these machines can be used as sensitive i sotope separator
for geological age determinations.

The Van de Graaff can be expanded to the tandem Van
de Graaff, in which negative ions are accelerated to high
voltage, then stripped of electrons so that they become
positive ions and are accelerated back to ground, thus
receiving twice the kinetic energy corresponding to the
terminal potential. Cockroft-Walton and Marx generators
can reach approximately 1 MV. Van de Graaff generators
have reached 25 MV and tandems have accelerated par-
ticlesto 50 MeV. This tandem Van de Graaff produces a
higher energy, but with lower intensity because the pro-
cess of stripping cannot be made perfectly efficient. The
dc beam current in a single el ectrostatic generator can be
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FIGURE 9 Schematic diagram of an electrostatic generator, or
Van de Graaff accelerator.
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FIGURE 10 Schematics of a 1-MV tandem pelletron electrostatic
accelerator built by National Electrostatics Corporation. Voltage is
charged by pellet chain. (Figure courtesy of World Scientific Pub.)
[Courtesy of World Scientific, Singapore.]

as large as 10 to 20 A, but in atandem is of the order
of 1 1A. An electrostatic generator installation, atandem
pelletron, is shown in Fig. 10.

B. Linear Accelerators

There are two kinds of cyclic accelerators: linear acceler-
ators (linacs), in which each particle passes once through
a sequence of accelerating structures, and circular accel-
erators, in which each particle traverses a closed path (not
necessarily exactly acircle) and passesrepeatedly through
the same accel erating structure. Inacyclic accelerator, the
accelerating forces must vary with time, in contrast with
the dc forces in high-voltage accelerators.

In alinac, the particles being accelerated follow paths
that are approximately straight. These particles are accel-
erated in the desired direction by the action of electric
fields. In the transverse directions, the particles are con-
fined or focused into a beam by the action of lenses em-
ploying static electric or magnetic fields, or in some cases
by time-varying harmonic fields, asin theradio-frequency
quadrupole (RFQ) focusing system.

The high-voltage dc accelerators discussed earlier, the
most elementary form of linac, are limited by the max-
imum electric potential that can be supported by an ar-
ray of conductors. In practical casesthisisafew million
volts. On the other hand, if the accelerating electric field
istime varying, continuous acceleration can be achieved,
and there is no physical limit to the maximum particle
kinetic energy that can be achieved. In the time-varying
field linac, a substantial fraction of the accelerating field
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energy iscontainedinitsaccel erating wave. Particlestrav-
eling with the crest of the wave gain energy from it much
as asurfer gains energy from atraveling water wave near
abeach.

Preaccelerators for linacs are often high-voltage dc or
pulsed-dc accelerators, operating at energies from a few
hundred keV to a few MeV. Protons and heavier ions
have rest energies (masses) of one to many GeV so that
they emerge from the preaccelerator with velocities only
a small fraction of the velocity of light. Electrons have
amass of 511 keV so that even a preaccelerator of only
80 keV boosts their velocity to one half the velocity of
light. The arrangements needed for efficient generation of
accelerating waves depend markedly on the desired wave
velocity, and the designs of linacs for proton or heavier
ions and for electrons differ markedly.

1. Proton and Heavy-lon Linacs

The traveling-wave system does not work for particle
speeds very much less than that of light because the
wave cannot be efficiently slowed down enough to match
the particle speed. If the wave velocity is greater than the
particle velocity, the wave passes by each particle. Asit
passes, a particle will experience decelerating forces dur-
ing the negative-field portion of the sinusoidal variation
of the wave. To accelerate these low-energy particles, in-
stead of a traveling wave a standing wave is used, and
conducting drift tubes are placed around the particle tra-
jectoriesin theregions of negative fieldsin order to shield
particles from these fields. These drift tubes are shown
schematically in Fig. 11. Acceleration then takes placein
the gaps between drift tubes and the particles drift through
the tubes unaffected by negative fields. In most standing-
wave linacs, the drift tubes contain focusing devices to
confine the transverse motion. Drift-tube linacs are used
for accelerating protons or heavy ions. They are capable
of producing high intensities of accelerated beam.

The presence of drift tubes strongly affects the choice
of frequency in a standing-wave linac. The accelerating
frequency cannot be so high that the drift tubes are too
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FIGURE 11 Schematic diagram of a standing-wave drift-tube lin-
ear accelerator.
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small to contain focusing elements. Proton linacs usually
utilize frequencies of approximately 200 MHz. Heavy-
ion linacs, which inject at even lower speed, often have
frequenciesin the 60 to 80-MHz range.

The linac cavities that form the outer envelope of the
accelerator and contain the el ectromagnetic field are built
in sections for convenience in manufacture. A 200-MeV
proton linacisapproximately 500t long. The pulselength
is short enough that the average radio-frequency power is
only afew kilowatts. The separate amplifiersfor each cav-
ity are synchronized by a master oscillator. Peak currents
of 200 mA of 200-MeV protons are achieved in injectors
for proton synchrotrons. Linacs with longer pulse length
are built for applications in which very high intensity is
desired. For higher energy, a standing-wave linac can be
used to inject into a traveling-wave linac when the parti-
cle speed iscomparableto that of light. Thelargest proton
linac isthe 800-MeV accelerator at Los Alamos National
Laboratory.

The copper lining and drift tubes of a standing-wave
linac can be replaced by superconducting metals such as
aniobium or lead, and the entire system cooled down to
liquid helium temperature (2 to 4 K). Severa supercon-
ducting heavy-ion linacs (e.g., ATLAS at Argonne Na-
tional Laboratory) are is in operation. The use of super-
conductivity is economically justifiable for long-pulse or
continuous wave (CW) linacs.

Particlescan also beaccel erated by theelectric fieldsin-
duced by time-varying magnetic fields according to Fara-
day’sLaw. Inaninductionlinac, magnetic fieldsare pul sed
sequentially in synchronism with particle motion through
the accelerator. Induction linacs are particularly useful for
producing short (10 to 50-nsec) pulses of very high peak
intensity (1000 A) at energies of 10to 50 MeV.

2. Electron Linac

In this kind of linac, the wave velocity is made constant
at light velocity over amost the entire length. An efficient
conductor arrangement that supportsthe needed longitudi-
nal electromagnetic accelerating waveisshowninFig. 12.
This waveguide is a cylindrical pipe periodically loaded
with diaphragms spaced between one-fourth and one-half
of thefree-spacewavel ength of thedriving field. Thewave
velocity is controlled by the diameter of the pipe, about
equal to the wavelength, while the rate at which power
flows down the waveguide is controlled by the size of the
hole in the diaphragm. The operating wavel ength of such
linacsis set by the simultaneous need for efficient accel er-
ation and for efficient generation of the microwave power
carried by the accelerating wave. Operating wave lengths
between 30 and 3 cm have been used, with 10 cm being
the most common today.
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FIGURE 12 Cutaway view of a traveling-wave wave guide. The
radio-frequency wavelength used is approximately 10 cm. The
beam enters from the upper left and passes through the small
hole. Radio-frequency power is brought in at the upper right, and
the wave travels with the beam. [Courtesy of Stanford Linear Ac-
celerator Center.]

Rather tight tol erances must be maintained in construc-
tion of the waveguides. At 10-cm operating wavelength,
tolerances of about 0.02 mm must be held. At shorter
wavelengths, the tolerances are correspondingly tighter.
Maintenance of the correct wave velocity also requires
regulation of the wave-guide temperature to a fraction of
a degree Centigrade. In spite of these technical difficul-
ties, very high frequency accelerating structures (e.g., at
W-band of 90 GHz) are being explored as a way to pro-
duce high-gradient acceleration for the future linacs for
high-energy physics research.

With proper synchronization by a master oscillator, a
large number of unitssuch asthose of Fig. 12 can bestrung
together end to end to produce as high a beam energy as
needed. Copper accelerating wave guides available today
can dependably maintain effective accelerating fields of
20 MV per meter of length for apower expenditure of 3to
5.4 MW per meter. Thus, the output energy of the 3000-m
Stanford Linear Accelerator will be about 50 GeV with
each of its 240 power amplifiers pulsing a 50 MW. A
view of the SLAC linac is shown in Fig. 13.

While magnetron tubes are sometimes used as power
sources for linacs of afew MeV output energy, klystron
amplifiers are the usua choice at microwave frequen-
cies. Today, accelerator klystrons capable of higher than
50 MW peak power with pulselengths of afew microsec-
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onds are being made. Tubes capable of up to 1 GW for a
fraction of a microsecond are being contemplated.

As with proton or heavy-ion linacs, it is possible to
replace the normal copper conductor with a superconduc-
tor, operating at liquid helium temperatures. The amount
of microwave power needed to establish the accelerating
fieldsisthen reduced by afactor of 10° to 10°. Thisbenefit
is somewhat offset by the need of powerful refrigerators.
The technology has matured substantially over the past
decade or two, and has come into use more readily now
for the new generation of proton and electron linacs.

C. Circular Accelerators

Likelinear accelerators, circular accel erators utilize time-
varying fields to accelerate particles. In addition, there
must be magnetic fields to bend particles around a closed
path that returns them to the accelerating structure. The
configuration of the accelerating structures and magnetic
fields can take many different forms in different circular
accelerators.

1. Cyclotron

The earliest circular accelerator was the cyclotron. In the
cyclotron, particles are injected at the center of the cy-
clotron and spiral outward as they are accelerated. A
uniform, time-independent magnetic field provides the

FIGURE 13 Tunnel of the Stanford linear accelerator. The accel-
erator structure is the white horizontal tube at the man’s eye level.
It sits on a strong girder system for alignment and stability. Radio-
frequency power is fed to the waveguide from klystron amplifiers
in separate buildings through the rectangular tubes. [Courtesy of
Stanford Linear Accelerator Center.]
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FIGURE 14 Schematic diagram of cyclotron orbits. (Figure cour-
tesy of World Scientific Pub.)

bending to make these spirals. The drift tubes in a cy-
clotron arein theform of hollow boxescalled “dees” after
their shape. Acceleration takes place as a particle crosses
the gap between the two dees. Cyclotrons have been built
to operate up to 800 to 900 MeV.

Figure 14 is a sketch of cyclotron orbits. A particle
of higher energy moves faster along the orbit but has a
longer distance to go between gap crossings. The fre-
guency of gap crossings, and therefore accelerations, is
constant in the cyclotron, and it produces a steady stream
of bunches of accelerated particles. Quantitatively, as will
be explained in Eq. (6), mv=epB, but v=wp, so that
mw = eB, and w is independent of the radius p and the
energy.

According to the special theory of relativity, when a
particle’s velocity approaches that of light, the mass of a
particle increases as its energy is increased. As a conse-
guence, for the same increase in energy, the velocity of a
particle of higher energy does not increase as much. The
gap-crossing frequency therefore decreases, and particles
fall out of step. This effect makes a noticeable difference
at 15 MeV for protons, which limits the peak energy of
the Lawrence cyclotron. Several systems to circumvent
this problem have been invented. One of theseis the syn-
chrocyclotron, in which the frequency of the accelerating
voltageisreduced to keep in step with agroup of bunches
of particles asthey are accelerated. The synchrocyclotron
produces bursts of a series of bunches of accelerated
particles.

Synchrocyclotrons have been built to produce protons
of 750-MeV energy. They have been largely superseded
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by azimuthally varying-field (AVF) cyclotrons, which are
aso called sector-focused cyclotrons. Here the magnetic
field varies periodically around the azimuth of the cy-
clotron in such a way as to keep the frequency of gap
crossings constant. Like cyclotrons, AV F cyclotrons pro-
duce a steady stream of bunches. The intensity achievable
is much larger than in a synchrocyclotron, and many are
being used for scientific research.

2. Betatron

Aswith linear accelerators, it is possible to accel erate par-
ticlesby induction in acircular configuration. Circular in-
duction accelerators are called betatrons. They are used to
accelerate electrons. Many betatrons are used to provide
20 to 30 MeV electrons for medical or industrial work.
The energy limit is due to the effect of synchrotron radia-
tionenergy loss. Charged particlesradiate el ectromagnetic
waveswhentheir trgjectoriesare bent. In accelerators, this
is called synchrotron radiation. For light particles such as
electrons, the energy radiated away islarge enough that it
limits the maximum achievable energy of the betatron to
300 MeV.

3. Microtron

Therelativistic effectsthat limit cyclotrons set in at much
lower energies for electrons, and a different configura-
tion, the microtron, is more appropriate. In the simplest
microtron, electron orbits are a series of circles tangent
at the position of the accelerating radio-frequency cavity.
The periods of revolution on each of these circles differ
by an integral number of periods of the accelerating volt-
age and the electron bunches therefore stay in phase with
the accel erating voltage. These simple orbits are sketched
in Fig. 15. Microtrons can aso be built in the shape of
racetracks and have been used to accelerate electrons to
energies of several GeV.

Magnet

7N\
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FIGURE 15 A classical microtron and a racetrack microtron.
[Courtesy of World Scientific, Singapore.]
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FIGURE 16 Operation cycle of a synchrotron.

4. Synchrotron

Energies greater than 1 GeV require adifferent configura-
tion, the synchrotron. The magnetic guide fieldsin all the
circular accelerators discussed previously are constant in
time. In the synchrotron, the magnetic field is increased
in time as the particle energy is increased. A graph of a
synchrotron cycle is shown in Fig. 16. The radius of the
particleorbit isheld constant. Synchrotron magnetic fields
need to extend over arelatively small aperture rather than
over the entire area of the circle, asin constant-field con-
figurations. The synchrotron is therefore a far more eco-
nomical design for energiesin the GeV range. The largest
synchrotron, 6 km in circumference, accelerates protons
to an energy closeto 1 TeV (Fig. 1).

Electron synchrotrons, although sharing the princi-
ple and magnetic-field configuration with proton syn-
chrotrons, have a separate feature, that is, the synchrotron
rediation energy loss suffered by the electron must be re-
placed if the electrons are not to spiral inward and strike
the walls. The energy loss per revolution AT by an elec-
tron of kinetic energy T following acircle of radius p is

AT =885T*%/p (1

where AT isinkeV if T isinGeV and p isinmeters. Thus,
the energy loss increases very rapidly as T is increased.
The accelerating system must make up this energy loss, as
well as provide voltage for accel eration. Radio-frequency
systemsto carry out these functions become so large that
electron synchrotrons become uneconomical compared
withlinear accel eratorsat energies beyond about 100 GeV.

5. Storage Ring

Sorage rings are very similar in general configuration to
synchrotrons. The magnetic guide fields are constant in
time and a beam of particles circulates continuoudly. In
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some designs, two storage rings are intertwined with one
another and beams of particles circulate in opposite di-
rections, colliding at the intersection points, one example
of which is shown in Fig. 17. In other designs, beams of
particles and antiparticles (el ectrons and positrons or pro-
tons and antiprotons) circulate in opposite directions on
the same path in the same magnetic field, often with small
auxiliary fields to keep them from colliding except at the
designated collision points. Like electron synchrotrons,
electron storageringsarelimited in energy by synchrotron
radiation. Present-day technology utilizing superconduct-
ing radio-frequency cavities has allowed the electron-
positron collider LEP to reach beyond 100 GeV per beam.
Beyond that point, all designs of electron-positron collid-
ersare of the type of linear colliders. Electron or positron
storageringsare asowidely used as synchrotron radiation
facilities.

As another approach to circumvent the limit of syn-
chrotron radiation energy loss on el ectron-positron collid-
ers, it has been suggested that similar high-energy physics
goals can be reached by colliding positive and negative
muons in a muon collider. Synchrotron radiation would
be much reduced because the muons are about 200 times
more massive than the electrons. The disadvantage is that
muons decay in a relatively short time, and experiments
must be done and collision data taken before they decay.

6. New Concepts

Although it is possiblein principle to build a synchrotron
for an almost arbitrarily high energy, at least for protons,

FIGURE 17 One of the intersecting points in the intersecting stor-
age ring at CERN. The large blocks are quadrupole magnets. The
intersection of the two vacuum chambers can be clearly seen.
[Courtesy of CERN.]
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it eventually becomes impossible economically. There
are accelerator scientists looking beyond to new ways
of accelerating particles, perhaps using the intense elec-
tromagnetic fields available in lasers or in plasmas for
acceleration and guidance or focusing of particles to
very high energies. This work is dtill in the research
phase, with many interesting ideas being proposed and
tested.

V. PHYSICAL PRINCIPLES
OF BEAM MOTION

A. Linear Accelerators

A charged particle moving in an electric field experiences
aforcein the direction of the field (or the opposite direc-
tion if it is a negative charge) and is accelerated in that
direction. Thus, its velocity and kinetic energy will in-
crease. The force F = qE, where q is the particle charge
and E thedlectric field. If g ismeasured in Coulombs and
E in volts per meter, then F is given in Newtons. Thisis
the basic mechanism of operation of aparticle accelerator.
The electric field can be either constant in time, in which
case particles are accelerated continuously and come out
in asteady stream, or varying in time, in which case par-
ticles are accelerated only when the electric field isin the
right direction and come out in bunches.

In a traveling-wave linac, the accelerating force will
be proportional to the strength of the electric field along
the axis of the accelerator (i.e.,, F =qE). The traveling
accelerating field will vary with timet and with distance
z along the accelerator as:

E=E cos[w(t - i) +¢ii| @)

Vw

where w is the frequency of the wave, vy, is the phase
velocity of the wave, and ¢; is a constant that measures
the initial value of the wave strength at the beginning of
acceleration.

If the particles being accelerated have a velocity vy
aong the accelerator axis, their position is given by
z=wvpt. Asaconsequence, if the linac is designed so that
vw = Vp, the particles are accelerated by a constant force
in the z direction:

F = qEo coséi (©)

As a consequence of the wave nature of the ac-
celeration, only particles near the wave crests (i.e.,
¢ =0, 21, 4r, .. .) receive useful acceleration. Thus, the
beams from linacs employing time-varying fields are
bunched, the separation of the bunches being Avy/C,
where A is the free-space wavelength of the accelerat-

Accelerator Physics and Engineering

ing field. As the particles are accelerated, their velocity
increases according to the relation,

e P e | B

where T isthe kinetic energy of the particle being accel-
erated, Moc? isits rest energy, and c is the speed of light.
For kinetic energies much less than the rest energy, T «
Moc?, thisexpression simplifiesto vy/c ~ (2T /Moc?)Y?,
the classical relation between velocity and kinetic energy.
For T 3> Moc?, vp/Cc ~ 1.

B. Circular Accelerators

Compared with linear accelerators, a circular accelerator
has, in addition to the accelerating electric field, a mag-
netic field for bending particles to follow a circular path.
A charged particle in a static magnetic field experiences
aforcein the direction perpendicular to the plane formed
by two vectors, the magnetic-field vector and the particle’s
velocity vector. A particle moving in the direction of the
magnetic fiel d experiencesno magnetic force. Becausethe
force on a particle in a static magnetic field is perpendic-
ular to its velocity, no work is done on the particle and its
energy does not change. The energy increase in a circu-
lar accelerator comes from the accelerating electric field,
not from the magnets. The force on a particle moving at
velocity v perpendicular to amagnetic field B is

F=quB (5)

If Bismeasuredin Tesa(IT = 10* Gauss) and v in meters
per second, theforce F isin Newtons. When the magnetic
field provides the centripetal force that bends the particle
inacircle of radius p, then

mv?/p = quB (6)

and there is a relation between the momentum p and the
product of radius and field,

p=mv=qgpB (7

Thus, as the momentum of a particle is increased during
acceleration, either the radius of curvature must increase,
asin acyclotron, or the magnetic field must increase, as
in a synchrotron. Thisrelation p=qpB isvery basic for
circular accelerators. It holds for slow and fast particles,
including effects of specia relativity. For practical cal-
culations, if B isin Teda, p in meters, and p in MeV/c
(where c is the speed of light), then

p = 300Bp (8)

There is a sense in which magnetic fields can increase
the energy of particles. The induction linac and betatron
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discussed above make use of amagnetic field changing in
timeto induce an electric field that can be used to acceler-
ate particles. In circular accelerators, the paths of particles
during the course of accel eration arevery long, sometimes
many thousands of kilometers. A particle injected at an
angle with respect to the ideal path will stray farther and
farther during this long distance and will leave the con-
finesof the magnetic field and belost unlesssomemeansis
provided to focus the particles back toward the ideal path.
Thisfocusingisaccomplished by building in carefully de-
signed focusing magnets, or quadrupoles. Focusingisone
of themost important considerationsof accel erator design.

We emphasize herethe difference between aparticleac-
celerator and anuclear reactor. In the accelerator, the par-
ticlesarefocused and form abeam, all moving inthe same
direction with the same energy, whereas in a reactor, the
particles are heated and move with the random directions
and wide energy distribution of ahot gas. In addition, the
reactor accelerates particles by nuclear forces, whereas
theaccel erator makesuse of el ectromagneticforces. These
electromagnetic forces cease when the el ectric power sup-
plied to the accelerator is interrupted. Thus, the radiation
from an accel erator stops, except for small residual effects,
when the accelerator is turned off. The situation is quite
different from that of areactor.

The motion of particles in an accelerator is one of the
most important aspects of accelerator science. Theimpor-
tance of beam dynamics arisesin part from the fact that in
many kinds of accelerators particlestravel very large dis-
tancesin the course of acceleration or storage (sometimes
many millions of miles or kilometers). Stability against
small perturbations and errors is vital if the particles are
to stay in the accelerator for such distances.

In addition, in most accelerators it is desirable to ac-
celerate as high an intensity of particles as possible. At
high intensity, the mutual electromagnetic forces among
the charged particles (e.g., space charge force), or the
forces induced by the wake fields as a result of beam-
environment i nteraction, can beimportant, thus disturbing
the stahility that each particle would have by itself.

To produceastablebeamin anaccelerator, particleswill
haveto executeonly small oscillations about theideal path
during acceleration. These oscillations will occur in both
of the two directions transversed to the ideal path and in
the longitudinal direction along that path. Although there
can be situations in which the transverse and longitudinal
motions are coupled, in most accelerator configurations
the coupling is weak, and the two kinds of motion can be
discussed separately, as we shall do.

C. Transverse Motion

Transverse oscillations are called betatron oscill ations be-
cause Kerst and Serber gave the first clear discussion of
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themin connectionwith Kerst’sbetatron. The equations of
motion of transverse oscillations had, in fact, already been
given by Walton and in aform more useful for cyclotrons
by Thomas.

The overall objective is to make the transverse motion
dynamically stable, sothat particlesinjected inthevicinity
of theideal orbit will remaininthat vicinity. In some short
accelerating systems, this can be achieved by focusing the
beam at the particle source, but in longer accelerators,
restoring forces along the orbit are required. These restor-
ing forces are supplied by external electric and magnetic
fields.

1. Weak Focusing

Let us consider the magnetic field that bends the particle
around a closed path in a circular accelerator. Herer, is
the radial direction in the plane of the closed-orbit path,
the median plane, and z is the dimension perpendicular
to the orbit plane. The distance along the orbit is s. If the
vertical magnetic field B, variesasafunction of r (thatis,
if it has agradient), then thereisaradial field B;, at posi-
tions off the median plane, as follows from the Maxwel 1
equation V x B =0. A particle moving in the s direction
experiences a vertical force whenever it is away from the
median plane. If the vertical field decreases with radius
(0B,/dr < 0), the force deflects the particle back toward
z = Ofor z either positive or negative. On the other hand,
the force of the particle is always in the direction away
from the median planeif aB,/ar > O.

Thus, if the guide field decreases with radius, motion
off the median plane is stable in the sense that a particle
starting off themedian planewill not moveto ever-larger z.
Thisvertical focusing wasfound experimentally inthe ear-
liest cyclotrons and understood qualitatively at that time.
It was made quantitative by Kerst.

In a decreasing field, the radial force on a particle de-
creases with radius. However, the centripetal force mv?/r
needed to keep the particle of massm and speed v inacir-
cleradiusr decreasesas 1/r. Thus, if the field decreases
less rapidly than 1/r, a particle at larger radius feels a
larger force focusing it back toward theideal orbit and the
particle has horizontal or radial focusing. Kerst expressed
these results in terms of the relative derivative, or field
index,

r 0B,

"= "B ©

andtheconditionfor focusingin bothtransversedirections
is

O<n<1 (10)

I nthisweak focusing arrangement, horizontal and verti-
cal focusingsare complementary to each other inthe sense
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that each decreases as the other increases, and a balance
must be struck in design between vertical and horizontal
aperture. For example, the fields in cyclotrons decrease
very littlewith radius, in order to keep as close as possible
to isochronous motion, and the vertical focusing is very
weak, if at all.

2. Strong Focusing

Many synchrotrons were built with weak focusing and
operated well. But the amplitudes of oscillations about
the ideal orbit are larger in alarger accelerator (approxi-
meately proportiona to the radius), reaching 10 to 20 cm
in the cosmotron (3 GeV) and betatron (6 GeV) proton
accelerators. It would be extremely costly to make use of
weak focusing in amuch higher energy accel erator, when
oscillation amplitudes could be as large as several meters.

Strong focusing overcomes this difficulty by using an
alternating series of gradients, thus alternating-gradient
focusing, to focus both horizontally and vertically. An al-
ternating series of gradientsfocuses a particlein amanner
similar to an aternating series of optical lenses. Aswecan
seein Fig. 18, aray isfarther from the axisin the converg-
ing (focusing) lenses than in the diverging (defocusing)
lenses and so is bent more sharply, so that the net result
isfocusing. A gradient that isfocusing for horizontal mo-
tion is defocusing for vertical motion, but the alternation
produces focusing in both. The complementarity that lim-
itsweak focusing is avoided, and the net focusing can be
much stronger.

The gradients vary periodically around the circumfer-
ence of the accelerator, with afixed number of periods per
revolution. Oscillation amplitudes in a large synchrotron
are a few centimeters or less, and the vacuum chambers
and magnet apertures are correspondingly small.

3. Betatron Oscillation

A particle that is not injected on the ideal orbit will ex-
ecute betatron oscillations about that orbit. These oscil-
lations are characterized by v, the number of complete
oscillations per revolution around the accelerator. There

AXIS

FOCUSING DEFOCUSING
LENS LENS

FIGURE 18 Focusing of rays in a series of alternating lenses.
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are separate valuesfor horizontal (v;) and vertical (v,) os-
cillations. In aweak-focusing accelerator, the oscillations
are sinusoidal, and both v values are less than unity. In
a strong-focusing accelerator, these oscillations are sinu-
soidal on the average, with periodic excursions around the
average sinewave, and v; and v, are usually considerably
larger than unity. Thus, in a weak-focusing accelerator,
the oscillations have the form:

r =ro+ A cos(n,S/R+6;)
z= A;cos(v;S/R+ 6;)

where 27 R isthe accelerator circumference, and the am-
plitudes A, and A; and the phases6; and 6, aredetermined
by the initial conditions at injection.

In a strong-focusing accelerator, the oscillations have
the form

(11)

r =ro+ Ay () cose (s) + 6]
Z = Azy/B(S) cod[¢4(s) + 04]

S ds (12)
&= 5©

S ds
¢Z(S): 0 ,BZ(S)

Theperiodicfunctions§; (s) and B,(s) arethebetatronam-
plitude functions. The amplitude varies periodically with
+/B(8). The phase advances as 1/(s), so that 8 isthein-
stantaneous wavelength of the oscillation. The amplitude
functions and the v values are related because the total
phase advance per revolution is

27 R ds
¢(2rR) = 2v /o o) (13
for either r or z.

A group of particles is injected with angles and posi-
tions distributed around the ideal orbit. It is instructive
to plot the motion of the group of particles in a space
whose axes are position and angle at agiven point s, asin
Fig. 19. Thisis called a phase space. Asthe group moves
along the accelerator and s varies, the envelope contain-
ing the group will vary in shape, but its area will remain
constant. If instead of the angle, the product of angle and
total momentum is taken as a phase-space coordinate, the
phase-space area remains constant even during accelera-
tion. Thisisan example of ageneral dynamical rulecalled
Liouville’stheorem. We shall return to thistheorem in the
discussions of beam stacking and cooling later.

The horizontal and vertical motions are independent
in an ideal accelerator and each has its own separate
two-dimensional phase space. In area accelerator, non-
linear restoring forces, magnetic-field imperfections, or
magnet misalignments can introduce horizontal—vertical
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FIGURE 19 Transverse phase space. The shaded elliptical area
represents a group of particles. This ellipse will oscillate as
the group moves along the accelerator, but its area will remain
constant.

coupling, and the two motions can affect each other.
The phase spaces are then not independent, but the four-
dimensiona volume of the combined phase spaces occu-
pied by particles will still remain constant.

Magnetic-field errors and magnet misalignments can
aso distort the beam path by inducing forced oscillations
in the beam. The central orbit then moves in a periodic
forced oscillation, the closed orbit, and all particles oscil-
late about this closed orbit. The occupied region of phase
space then movesin this forced oscillation. If the v value
iscloseto an integer, the closed-orbit oscillation becomes
very large, and the beam can rapidly leave the accelera
tor. Thisintegral resonance can be kept under control by
careful construction and alignment of the magnets and by
careful control of the v value to avoid integers.

In a strong-focusing accelerator, errors in magnetic-
field gradients can make the oscillations about the closed
orbit unstable if the v value is close to a half-integer. In
this case, the occupied region of phase space becomes
elongated, even though area is still preserved, and parti-
clesreach very large oscillation amplitudes. Half-integral
resonances are not as serious as integral resonances, but
care must be taken in construction and alignment to avoid
them, too.

Even in an ideal accelerator, not al particles will have
exactly the same momentum. Each particle’s momentum
will alsovary relativeto theideal momentum during longi-
tudinal oscillations. A particlewhose momentum isdiffer-
ent from the central momentum will undergo forced trans-
verse oscillations about the closed orbit. Thesewill appear
in phase space as overlapping groups of particles. This
phenomenoniscalled dispersioninanalogy tolight optics.

To be focused toward one another, two particles on dif-
ferent orbits must encounter different magnetic fields, as
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inagradient magnet or quadrupole, or go through different
lengthsof field. Different lengths can be achieved by build-
ing magnets whose edges are not perpendicular to particle
orbit. This edge focusing is used in AVF cyclotrons. If
an edge is slanted so that the path length increases with
radius, the edge is horizontally defocusing and vertically
focusing.

In aradial sector AVF cyclotron, both upstream and
downstream magnet edges are vertically focusing. Radial
focusing is provided by the increase of guide field with
radius. Thissystemiscalled Thomasfocusing. In aspiral-
sector AVF cyclotron, one edgeis vertically focusing and
the other is vertically defocusing, giving alternating-edge
focusing, analogous to alternating-gradient focusing.

4. Transverse Motion in Linacs

Thereisno centripetal forceinalinac, sothereisnoanalog
of weak focusing. Before strong focusing was devel oped,
many proton linacs had wire grids installed in the drift-
tube bore opening to change the variation of the electric
field withlongitudinal distanceand radiusto provide some
focusing. But the grids intercepted many beam particles
and wereunsuitablefor high-intensity beamsbecause they
were heated and melted by the beam.

After strong focusing was devel oped, quadrupol e mag-
nets were built into the drift-tube interiors, and linacs be-
came high-intensity accelerators. More recently, methods
of shaping theradio-frequency field to produce quadrupole
focusing, the radio-frequency quadrupoles (RFQs), have
been developed and provide even higher intensities and
smaller beam losses.

Beams extracted from an accelerator and secondary
beamsproduced in atarget can al so be steered and focused
by sequences of bending magnets and strong-focusing
lenses. These beam transport lines are used to bring beams
to the point of usein an optimally focused configuration.

5. Synchrotron Lattice

Thelattice of asynchrotron refersto the periodic arrange-
ment of bending and focusing magnets around the circum-
ference. The betatron amplitude functions, the v values,
and the dispersion al depend on the lattice. Two devel-
opments make it flexible to vary these functions and to
achieve optimal desired orbit properties.

Separ ated-function magnet. Particles are bent around
the accelerator by dipole fields that are independent of
radius. They are focused to stay close to the centra or-
bit by quadrupole fields that vary linearly with distance
from the center. In the original conception of strong fo-
cusing, these two functions of bending and focusing were
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combined in one gradient magnet, in a combined-function
lattice. A separated-function lattice carries out these two
functions in separate magnets. This lattice is more effi-
cient because the bending field is the same throughout
the magnet and is not limited by the maximum field at-
tainable at the high-field side of the magnet. The bending
field in a separated-function conventional iron dipole can
easily be 1.8 to 2 T, while in a gradient magnet it is dif-
ficult to achieve more than 1.3 T without significant field
distortion. The difference is even more striking in super-
conducting magnets, whereit is more difficult to design a
gradient magnet. The focusing is al'so more efficient in a
separated-function lattice, because focusing magnets are
concentrated at locations where the amplitude function 8
islarge and defocusing magnets are concentrated at loca-
tionswhere 8 issmall. Combined-function and separated-
function magnets are shown in cross section in Fig. 20.
Separated-function lattices are now almost awaysusedin
synchrotrons and storage rings.

Long straight section. The usual lattice has straight sec-
tions (i.e. field-free spaces between magnets) whose max-
imum length is of the order of the magnet length. For
the introduction of necessary auxiliary apparatus, such
as accelerating cavities, injection equipment, and parti-
cle detectors for experiments in storage ring colliders,
the long straight section has proven most useful. If the
normal bending arcs of the accelerator are simply inter-
rupted by field-free regions of size necessary to accomo-
datenecessary auxiliary equipment, thenatural divergence
of the beam will result in excessive aperture requirements.
This divergence can be avoided by use of a few sepa-
rate focusing quadrupoles to maintain the focusing prop-
erties of the lattice without significantly encumbering the
needed space. Periodic arrays, or sublattices, of concen-
trated quadrupoles permit design of straight, almost field-
free regions of arbitrary length.

6. Beam Diagnostics

It is possible to “fly blind” and operate a particle accel-
erator without measurements of the beam. Indeed, early
accelerators operated thisway, with the only indication of
abeam coming from the final accelerated beam striking a
target and producing X-rays or radioactivity. However, an
accel erator can be operated much more easily and at much
higher intensity if the beam position and size are known
during operation.

The first methods of beam measurement were movable
probes to stop the beam at an adjustable radius in a cy-
clotron. In early synchrotrons, probes were replaced by
fluorescent screens which were observed through trans-
parent windows. Theserudimentary devicesarestill some-
times used in the early stages of searching for circulating
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beams, although nowadays the energy is high enough that
fluorescent screens are viewed remotely using television
cameras.

The center of mass of a circulating beam can be mea-
sured continuously by detecting the electric fields of the
beam bunch with pickup electrodes, or the magnetic fields
with pickup coils, in each case surrounding the beam. By
using these methods, it is possible to measure the trans-
verse position at given locations, as well as the phase of
the beam bunchesrelative to the accelerating voltage. The
transverse position as a function of azimuth is just the
closed orbit discussed above. The closed-orbit informa-
tion can be used to set currents in correction magnets to
reduceitsdistortionandto analyze magnet misalignments.
The closed-orbit and beam-phase information are used to-
gether as input to the radio-frequency feedback systems
for beam orbit control.

Another important practical aspect of particle bending
and focusing is scattering by the residual gasin the accel-
erator. Beams suffer significant scattering and diffusion
in even afew feet of air at normal pressure. Accordingly,
the beam must pass through an evacuated space. Usually
avacuum-tight metal or ceramic tube surrounds the beam
and is evacuated by pumps. In most accelerators, aresid-
ual pressure of 108 atm is acceptable. In storage rings,
wherethe effective path length may be several billion kilo-
meters, asubstantially better vacuum (10~ to 10~2 atm)
isrequired.

It is also possible to measure the beam shape making
use of ionization of a dilute gas by the beam or by anal-
ysis of the frequency spectrum of the beam electric field,
with knowledge of the dispersion function at the location
of the pickup. In places where each beam particle passes
only once, grids of wire scanners can be used, or asingle
wire can be moved rapidly through the beam. Two mea-
surements arriving at the acceleration system at different
locations can be combined to give thedistribution in phase
space.

D. Longitudinal Motion

Indc high-voltage accel eratorsor ininduction accel erators
(betatrons), particlesthat are accelerated at different times
experiencethesameacceleraring field. But, in accelerators
that utilize radio-frequency fields to accelerate particles
(linacs, microtrons, cyclotrons, and synchrotrons), parti-
cles arriving at different times will experience different
acceleraring fields and will conseguently have different
motions.

1. Longitudinal Stability and Acceleration

How the longitudinal motion evolves will depend on how
the frequency of revolution depends on particle energy,
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FIGURE 20 Alternating-gradient synchrotron magnet cross sections. (a) combined-function magnet, (b) dipole mag-
net, (c) quadrupole magnet, (d) superconducting dipole magnet, and (e) superconducting quadrupole magnet.

asillustrated in Fig. 21. The ordinate is the accelerating
voltage and the abscissa is time. Thus, on this plot the
accelerating voltage is a sine wave. Consider now two
particlesthat crossthe accel erating gap at the sametimeon
onerevolution. Thevoltageisrising asthey cross. Particle
1 isin step with the accelerating voltage and crosses the
gapthesecondtimeat thesame phase. Particle 2 hashigher
energy than particle 1 at the first crossing. Let us consider
two alternatives:

1. Revolution frequencies increases with energy (df/
dE > 0). The revolution period is smaller for particle 2,

and it will arrive earlier, lower on the sine wave, and will
gain lessenergy than particle 1. The energy difference be-
tween the two particles will be decreased after the second
pass. Similarly, a particle of lower energy would arrive
later, higher on the wave, and would gain more energy,
again decreasing the energy difference. Thus, the energy
difference across the entire group of particleswill not in-
crease and they will be accel erated together. The acceler-
ating longitudinal motion is stable.

2. Revolution frequency decreases with energy (df/
dE < 0). Now, particle 2 arrives later and gains more en-
ergy than particle 1. It continues to gain more energy at
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FIGURE 21 Particles riding on a voltage wave during acceleration.

every pass and the energy difference increases continu-
ously. Thus, the longitudinal motion is unstable, and the
group of particleswill break up and not be usefully accel-
erated.

Luckily, there is a saving grace in the second alterna-
tive. There is another side to the voltage wave, where the
voltage is till in the correct direction to accelerate, but
isfaling. Now the arguments of less or more voltage are
just reversed and the acceleration longitudinal motion is
stablein an accelerator with df /dE < 0.

What affects df /dE? There are two factors: a particle
with higher energy goes faster, which awaysincreasesits
frequency, but in some accelerators, it goes on a different
orbit between gap crossings, which in aimost al cases
decreases its frequency of revolution. These two factors
are in opposite directions; how they balance depends on
the kind of accelerator.

Inlinacs, al particlestravel the samepath andthereisno
difference in path length, only a difference in speed, thus
df/dE is aways positive. On the other hand, in weak-
focusing synchrotrons, orbits corresponding to different
energiesarerelatively widely separated becausethe guide-
field variation with radius is small. Here the path-length
difference always overbalances the speed difference and
df /dE isalwaysnegative. The sameistrueinamicrotron.
In strong-focusing synchrotrons, the speed difference is
larger than the path-length difference at low energy in pro-
tonaccelerators, sodf /dE > 0, but the path-length differ-
enceisconstant and the speed difference decreases as par-
ticle speedsapproach the speed of light, sothat df /dE < O
at high energy. There is thus atransition energy at which
df/dE is zero. At this energy, the radio-frequency ac-
celerating voltage must be turned off, then turned back on
withinafew millisecondsat adifferent phaserelativetothe
beam particles. Acceleration then continues on the back
side of the wave. This has not been difficult in practicein
proton synchrotrons. It is not necessary at al in strong-
focusing electron synchrotrons because el ectrons move at

close to the speed of light at much lower energy and the
transition energy in an electron synchrotron is therefore
typically lower than the injection energy, and transition is
never crossed.

In this discussion, cyclotrons are an anomaly. In prin-
ciple, speed differences and path-length differences just
balancein cyclotrons, and they are always exactly at tran-
sition energy. In practice, there are small effects that give
enough marginal stability that particles are accel erated.

2. Phase Oscillation

Theabove discussion of longitudinal stability can bemade
quantitative. The results can be described graphicaly ina
plot like that of Fig. 22, giving angular momentum of the
particle (almost the same thing as energy) against phase
of a particle relative to the radio-frequency accelerating
voltage. This phase can vary between 0 and 27 (360°).
If the accelerating voltage is turned off and a beam of
particles is simply coasting around the ring, this beam
is represented by a band stretching horizontally across
the entire range of 27 in phase and stretching vertically
across a range in angular momentum (and energy) that
corresponds to the energy spread of the beam.

When there is an accelerating voltage, thereis aregion
of closed curves representing stable oscillations. These
curves surround an equilibrium phase, which appears on
the plot asapoint at the center. A particlethat startsat this
phase and angular momentum will remain there as the
whole plot rises vertically during acceleration. Particles
that start within the stable region will move on a closed
curvearound the equilibrium phase, oscillatingin momen-
tum and phase. These oscillations are called phase oscil-
lations or synchrotron oscillations. In almost all cases, the
frequency of these oscillationsis very much smaller than
the frequency of revolution, so that many revolutions are
needed to complete one circuit around the diagram. Parti-
cles of different energy have different orbitsin acircular
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FIGURE 22 Accelerating bucket; particles in the shaded area will
move on closed curves as the bucket moves up in energy during
acceleration, while particles outside the bucket will slip in phase
and be lost.

accelerator and there is a radial oscillation as the energy
of a particle oscillates.

Thestableregioniscalled abucket. Theedgeof abucket
iscalled the separatrix. Particles starting beyond the sepa-
ratrix will dip in phase relative to the accelerating voltage
and will not be accelerated continuously. During acceler-
ation, the particles form a bunch within the bucket. Even
if they fill the bucket to the separatrix, they do not occupy
thefull 27 in phase; abucket that accel erates occupiesless
than 27, because the voltage is decelerating for one-half
the range in phase.

It is also possible to have a stationary bucket, where
the equilibrium particle crossesthe accel erating gap at the
moment the voltage is zero. In a stationary bucket, parti-
clescan occupy theentire 2 inphase. Itisalso possibleto
accelerate abunch in astationary bucket by starting it near
the bottom and continuing through one-half a phase oscil-
lation, where it is near the top. This is how acceleration
takes place in an electron linac.

In circular accelerators, the accelerating frequency is
an integral multiple of the revolution frequency. Use of
a higher frequency will make it possible to use smaller
accelerating cavities and radio-frequency amplifiers. The
integer multiple h isthe harmonic number. There are now
h buckets stretched across the range of 25 in phase. Each
of these buckets has the properties discussed above.

The operation of an accelerating system in a syn-
chrotron can be improved considerably by a beam-
feedback system. Pickup electrodes are used to measure
the phase and radius of the beam bunches. This informa
tionisfed back electronically to correct the phaseand volt-

49

age of the accelerating system to keep the beam centered
in the vacuum chamber and the beam and radio-frequency
accelerating systemin phasewith each other. External sig-
nals can be used at particular times in the cycle to move
the beam either laterally or longitudinally for purposes of
extraction, targeting, or stacking.

In Fig. 22, the area occupied by a beam of parti-
cles remains constant during acceleration. This combina-
tion constitutes a longitudinal phase space, analogous to
the phase spaces discussed in connection with transverse
motion.

Even though phase-space area is preserved, in many
cases the bunch will filament into many small threads that
wind around the bucket. The empty areas between fila-
ments are carried along with bunches in acceleration and
the effective area of the bunch can increase. It is possible
to avoid this decrease of density by turning accelerating
voltages on and off very slowly or by overfilling buckets
at the start so they stay full through acceleration, while
some particles are thrown away.

3. Beam Stacking

A batch of accelerated particles can be left to circulate in
astorage ring. Then another batch can be injected, accel-
erated, and put next to it. This stacking process can be re-
peated many times. If care istaken to avoid filamentation,
thetotal phase-space area occupied isthe sum of the areas
of the individual batches. The particle density in physical
space can be increased greatly by beam stacking and this
makes colliding proton-antiproton beams feasible.

Synchrotron radiation in electron or positron storage
rings provides a natural means for stacking, because the
emission of radiation dampsmotion and increasesthe den-
sity in phase space and the particle density in physical
space.

E. Multi-Particle Effects

In amost every use of accelerators, higher intensity is
desirable. However, higher intensitiesbring with them new
phenomena arising from the el ectromagnetic forces either
directly between particlesor through their interaction with
the vacuum chamber environment. These forces can affect
the focusing of particles and can also introduce new kinds
of instabilities.

1. Effects on Focusing

The electrostatic repulsion between particles in a beam
decreases the restoring forces that focus the beam. This
decreasesthetransverseoscillation frequency of thefocus-
ing. As more particles are added, the frequency continues
to decrease until it reaches a resonance. Then additional
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particleswill bedriventolargeamplitude by the resonance
and lost. The beam is space-charge limited.

Two charges moving on parallel paths repel each other
electrostatically, but they also form two parallel currents,
which are attracted to each other by magnetic forces. The
magnetic forces reduce the electrostatic repulsion and in-
crease the space-charge limit. The repulsive force is a-
ways greater, but the magnetic force increases as the par-
ticlesare speeded up, so space-chargeforcesbecomesmall
at high energies. Both theelectrostatic and magneticforces
are modified at high energy by the presence of the con-
ducting vacuum chamber surrounding the beam walls.

In acolliding-beam arrangement, particlesin one beam
are perturbed by the el ectric and magnetic fields of the on-
coming beam. Inthiscase, thee ectric and magneticforces
add instead of cancelling each other, and this beam-beam
interaction doesnot go away at high energies. Beam-beam
perturbation is one of the main limitations on the perfor-
mance of storage ring collidersaswell aslinear colliders.

2. Collective Instabilities

The space-charge and the beam-beam effects are exam-
ples of the phenomenathat arise from the el ectromagnetic
fieldsof the beam. Another source of el ectromagnetic self-
fields of the beam comes from the interaction of the beam
charge and current with its metallic vacuum-chamber sur-
roundings. As the beam passes by a discountinuity on the
vacuum chamber, for example, it leaves behind a wake
field. An intense beam will generate a strong wake field,
which can drive the beam either longitudinally or trans-
versely into instability. These phenomena are called col-
lective instabilities because all the beam particlesfeel the
same forces and move collectively together in sometrans-
verse or longitudinal pattern. Because it is collective, the
motion can be detected by a beam pickup and an oppos-
ing electromagnetic force applied to electrodesinside the
chamber. The damaging effects of collective instabilities
can beovercometo someextent by such feedback systems.
In some cases, however, the frequencies involved are too
high or the instability growth too rapid to make feedback
practical, and theinstabilities must be controlled by design
changes.

F. Beam Cooling

We have emphasized in our discussion the constancy of
phase-space area, both longitudinal and transverse. There
are methods to reduce the phase-space area and thus to
increase the density of particle beams, which is advan-
tageous for applications such as colliding beams. These
methodsare called beamcooling. In asense, one hasto de-
feat Liouville’stheoreminthe corresponding phase spaces
of the beam.
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1. Synchrotron Radiation

Synchrotron radiation is usualy significant only for the
lightest charged particles, electrons, and positrons, al-
though at the multi-TeV energies now being discussed,
it isaso important for protons.

Asthey are bent around the curved path by centripetal
acceleration in acircular accelerator or storagering, elec-
trons and positrons emit a narrow cone of radiation, tan-
gent to their instantaneous orbits. The radiated energy is
mostly inthe ultraviolet and X-ray regions. Theenergy ra-
diated increasesrapidly asthe particle energy isincreased
(see Eq. (2)). Most of the acceleration voltage in a multi-
GeV electron synchrotron is needed to make up the energy
radiated away.

This synchrotron radiation decreases both longitudinal
and transverse particle oscillations about the equilibrium
orbit. Longitudinal oscillations are reduced because parti-
cleswith energy exceeding theequilibrium vauewill radi-
ate morethan equilibrium particlesand thereby be damped
toward the equilibrium energy. Particles with energy less
than the equilibrium value radiate less than equilibrium
particles and are restored toward the equilibrium energy
by the accelerating system. Transverse oscillations are
damped becausethesynchrotronradiationisemitted along
the direction of motion, reducing both longitudinal and
transverse momentum components. The accelerating sys-
tem restores only the longitudinal momentum component.
Neither longitudinal nor transverse oscillations are re-
duced al theway to zero because the sudden randomemis-
sion of the photonsthat make up the synchrotron radiation
excitessmall longitudinal and transverse oscillations. The
equilibriumbeam size, typically about amillimeter, results
from the balance between the average radiation damping
effect and this stochastic quantum excitation effect.

2. Electron Cooling

A gasof protons (or heavy ions) and agas of electronswill
interact with each other by Rutherford scattering. If the
proton gashasmorethermal energy, it will givethisenergy
to the el ectrons through the scattering, thus decreasing the
phase-space area of the proton gas while increasing that
of the electron gas.

Electron cooling can reduce both the longitudinal and
transverse energy spreads of the proton beam. Electron
cooling isdone in practice by arranging an electron beam
to move at the same speed as the proton beam through a
straight section of aring. At the same speed, the electron
beam has much less momentum and is easily bent in and
out of the proton beam at the ends of the straight section.
The proton beam is repeatedly cooled by multiple traver-
sals of the straight section as it circulates around, while
the cold electrons are resupplied at each passage.
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Electron cooling is more effective at lower energy, al-
though higher energy cooling has been discussed. Its ef-
ficiency can be improved by the addition of an external
longitudinal magnetic field.

3. Stochastic Cooling

Decrease of the amplitude of a collective oscillation by
means of electronic feedback was discussed earlier. The
root mean square amplitude of abeam can also be reduced
by a feedback system using the technnique of stochastic
cooling. The basic plan of stochastic cooling is a beam
pickup that measures the average position of the beam, an
amplifier system, and akicker that transmitsthe amplified
signal to the beam.

Consider aring full of N circulating particlesand break
the circulating beam up into N parcels so that each parcel
around thering containsonly one particle. If theelectronic
system has enough frequency bandwidth to respond to
this small a parcdl, it can give a signa to the kicker to
correct each individual particle. Thus, particles give up
their phase-space area to the electronic system.

If, as in practice, the electronic system has smaller
bandwidth, each parcel has more than one particle. Each
of the other particlesin aparcel gives electronic noise in-
terfering with a given particle’s correction signal and the
system corrects more slowly. Eventually, as more parti-
cles are added, the noise masks the signal completely and
cooling ceases.

Stochastic cooling has been used asthe basisfor aspec-
tacularly successful effort to cool antiproton beamsand to
collide them with proton beams. Important new resultsin
high-energy physics have been achieved with this system.

4. Laser Cooling

Intense lasers can be used for cooling an electron beam.
The beam ismadeto collide more or less head on with the
laser beam at itsfocus, inducing alarge energy loss of the
elctrons. Reaccel erating the beam in the forward direction
refurbishesthe beam energy, but thetransverse divergence
of the beam is reduced. This cooling can be applied to an
electron linac, or in a storage ring.

Lasers can aso be used to cool a neutral atomic or
ionic gas in a trap. By choosing the laser frequency to
be dightly higher than the energy difference between two
atomic energy levels, the laser cools the stored gas dueto
the Doppler shift of the escaping atoms.

5. lonization Cooling

Cooling can also be provided by passing abeam through a
dense material, causing the beam particlesto |ose energy,
and then accelerating the beam afterwards in the forward
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direction. In this application, the beam loses energy by
multiple scattering in the material. In order for the beam
not to be lost in the material, the interaction between the
beam and the material must not be too strong. This lim-
its the applicability of ionization cooling to muon beams
which might be used for neutrino sources or muon coll-
iders.

VI. ACCELERATORS OF THE FUTURE

Asdiscussed earlier in the history section, remarkableim-
provementsin accel erator capabilities have been achieved
over the past several decades. In applications to sci-
ence, medicine, and industry, these improvements have
increased maximum energy capabilities by nine orders of
magnitude in 60 years, increased beam current capacity
by an even larger factor, increased the variety of atomic
particles that can be accelerated, and lowered the cost
of particleaccel eration dramatically. Theseimprovements
have been brought about by acombination of means: New
acceleration methods have been devised and technolog-
ical improvements to existing methods have continually
emerged.

Developments in accelerators for basic scientific re-
search have emphasized energy increase at lowered cost
per unit beam energy. Improvements in accelerators for
medicine have focused on increasing the variety of parti-
cles that can be accelerated, the precision of control over
the beams, and the compactness and cost effectiveness
of the devices. Industria applications have continuously
broadened through a reduction in accelerator costs, in-
creasesin beam current and variety of accelerated particle,
and through miniaturization and increased portability.

Even though accelerators have become very sophisti-
cated, therate of improvement hasremained steady. While
this progress has occurred acrossthe entire range of accel-
erator applications, the most dramatic developments have
usually occurred in accelerators to be used for basic sci-
ence. It is the expected devel opmentsin this area that are
emphasized here. We may classify these developments as
improvementsto existing accel erator typesand asnew and
improved accel eration methods.

Devel opments of existing methods come through deep-
ening understanding of the physics of the method and
through application of new and improved materials and
techniquesbothin thedesign andin the manufacture of the
accelerator. We can foresee significant improvements to
both circular accelerators and microwave linacs.

A. Circular Accelerators

Basic high-energy physics research with colliding pro-
ton beams of 100 TeV or more per beam can probably
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be carried out with circular accel erators based on the syn-
chrotron principle. Continuing improvement in our under-
standing of nonlinear dynamics and of collective effects
in dense beams will permit use of smaller and therefore
more economical magnet and beam-channel crosssections
while accelerating denser beams. Superconducting mate-
rialsnow under study in thelaboratory may make possible
accel erator magnetsthat operateat 15 Tedlaor higher. With
such magnets, an accelerator of 100 TeV with a 190-km
circumferencewoul d bepossible. Expectedimprovements
in cryogenic technology and electronic controlswill make
it possible to operate such an accelerator with only afew
people and at power demands about the same as those of
present research accelerator complexes.

Circular accelerators producing synchrotron radiation
for basic physical, biological, and chemical research will
also be markedly improved through basic understanding
of the physicsof these accel eratorsand of the mechanisms
of coherent radiation production. The ongoing generation
of such acceleratorsistypically about 1 km in circumfer-
ence and is outfitted with special devices called wigglers
and undul ator sfor enhancing the emitted radiation for par-
ticular research purposes. The wavelength of the radiation
will be adjustable and concentrated in a narrow band and
itsintensity will be increased, permitting a broader range
of use. The next generation will likely concentrate on the
production of coherent X-ray radiation with long undula-
tors and electron beams from high-performance linacs.

B. Microwave Linacs

Because of the intense synchrotron radiation emitted by
electrons confined in circular accelerators, high-energy
physicsresearch with electronsat energiesabove 100 GeV
will haveto be carried out with colliding beams produced
by linacs. We can foresee the possibility of extending
current microwave linac technology up to perhaps a few
TeV per beam. Such a collider might employ two 10-km
linacs. Required for economic viability will be an im-
proved understanding of beam collective effects, permit-
ting acceleration of denser beams, as well as accelerating
structures capable of better energy transfer efficiency to
the beam while supporting effective accel erating fields of
more than 100 MV per meter. Such gradients have been
produced in the laboratory. An additional ingredient must
be microwave power sources capable of several hundred
megawatts peak pulse power with high efficiency. A mi-
crowave generator based on arelativistic electron beam
formed by photoemission from a pulsed laser-irradiated
photocathode gives promise of meeting these goal's. Other
generators under development may also turn out to be use-
ful. Although being developed at a later stage, the super-
conducting microwavelinacisplayinganincreasingly sig-
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nificant rolein research applicationsrequiring long pulses
or continuous beams. One such accelerator, CEBAF, is
already in operation at the Jefferson Laboratory. Increas-
ingly higher accel erating gradients using superconducting
cavities are aresearch and development priority.

Asmentioned earlier, one approach of achieving ahigh
acceleration gradient has been to devel op the technology
of high-frequency microwaves. Research in microwave
structures and sources (e.g., in the W-band) has been car-
ried out. Further work along this line will include the use
of alaser to replace the microwave source, and a crystal
to replace the microwave structure.

C. Novel Acceleration Methods

The Livingston chart, Fig. 3, indicates an exponential
growth of effective beam energy over the past several
decades. It has been and remains a challenge to main-
tain this exponentiation. The recent trend, however, isthat
the currently frontline technol ogies are becoming too ex-
pensive and novel concepts are needed.

Thekey tofutureaccel eratorsbeyond the multi-TeV en-
ergy rangeisthe efficient production of high acceleration
gradients. Acceleration mechanisms can be distinguished
by how the accelerating electromagnetic wave is created
and how its velocity is controlled. In principle, these nec-
essary conditions for acceleration can be arranged in free
space far from any material body, in a space near a spe-
cialy designed array of conductors or dielectrics, or in
some material medium.

In free space, only plane electromagnetic waves exist.
In these waves, el ectric and magnetic fields are transverse
to thewave velocity. A single-frequency plane waveisin-
capable of continuous acceleration of a charged particle.
If two waves of different frequencies are used, however,
continuous accel eration can be achieved. Onewave serves
to give the particle a slightly sinuous orbit so that its ve-
locity has acomponent parallel to the accelerating field of
the second wave. This is the inverse free-electron laser.
Because the orbit is slightly curved, it also is limited in
its maximum energy capability by synchrotron radiation.
Although no such accelerator has yet been operated, it is
estimated that el ectron energiesof upto 300 GeV might be
achieved. As currently conceived, it would not be a useful
accelerato