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A review is given of accelerators and colliding-beam installations operating at center-of-mass
energies between 7 GeV and about 50 TeV. The basic principles underlying the design of such
systems and ways of increasing the energy and intensity of accelerated-particle beams are briefly
discussed. The scale of modern machines is illustrated by considering the examples of the proton
synchrotron at the Institute of High Energy Physics at Serpukhov, the accelerating and storage
complex at CERN, the accelerators at the Fermi National Accelerator Laboratory in the USA,
the electron-positron storage complex in Hamburg, and the Stanford Linear Accelerator in the
USA.

INTRODUCTION

The charged-particle accelerator is an indispensable
tool in nuclear and elementary-particle physics in which it is
used in studies of phenomena occuring in the nuclear interi-
or and at subnuclear distances. Accelerators are unique in
the sense that they produce beams of different types of parti-
cle with predetermined characteristics, which is very impor-
tant for the interpretation of physical experiments. Indeed, it
was precisely this fact that attracted physicists to accelera-
tors immediately after the discovery of the nucleus. Since
then, advances in the study of the structure of matter have
been intimately linked with the development of accelerators.
Current problems in physics continue to stimulate the devel-
opment of new accelerators and, conversely, advances in ac-
celerator technology have opened up new possibilities for
experimental physics.

A large number of fundamental discoveries has been
made using accelerators producing particles of energy up to
100 GeV. They include, for example, the conservation of
vector current in weak interactions; the discovery of antipro-
tons, meson multiplets, and various types of hyperons; the
difference between the electron and muon neutrinos; the cu-
mulative effect in collisions between relativistic nuclei; the
discovery of the/ /i/> and T particles; the parton structure of
nucleons; the synthesis of transuranic elements; the synthe-
sis of antimatter (antihelium, antitritium, antideuterium);
the demonstration of scaling in variance; the Serpukhov ef-
fect in total cross sections; and the discovery of the r-lepton.
Investigations performed at higher energies have led to the
discovery of the theoretically predicted heavy intermediate
bosons W± and Z° that convey the weak interaction and
have masses of about 81 and 96 GeV/c2.

These data contain the extensive information necessary
for the correct understanding of elementary-particle phys-
ics. Fundamentally new properties of the microworld have
been discovered, including, for example, the quark structure
of elementary particles and new quantum numbers such as
strangeness, charm, flavor, fractional electric charge, and

color charge of quarks and gluons. Studies of the interac-
tions between colored charges have led to the new subject of
quantum chromodynamics. Discoveries made in the course
of the last few years have now given us a basis for construct-
ing a general theory capable of unifying strong, weak, and
electromagnetic interactions between elementary particles.
This began with the unification of weak and electromagnetic
interactions, the possibility of which was confirmed experi-
mentally by the discovery of the W± and Z° bosons. Dis-
coveries made as a result of accelerator experiments have
forced us to adopt a new approach to the description of na-
ture at the fundamental-particle level, and their significance
cannot be overestimated.

In a relatively short period of time, charged-particle ac-
celerators have become transformed from small-scale labo-
ratory systems into major installations with linear dimen-
sions of tens of kilometers. Simple methods of acceleration
have been replaced by new principles of producing high-in-
tensity beams of particles with gigantic energies, comparable
with cosmic-ray energies. A particularly important step to-
ward the attainment of high interacting-particle energies
was taken through the practical implementation of the
method of colliding beams. The high rate of advancement in
the development of accelerators can be judged from Fig. 1
which plots the maximum attainable energy against time.
The graph shows some of the accelerator installations repre-
senting the corresponding energy frontier. For colliding-
beam installations, we show the so-called equivalent energy,
defined as the energy of particles in one beam in the frame in
which particles in the other beam are at rest.

The particle energy that can be attained under laborato-
ry conditions has continued to increase roughly exponential-
ly and independently of the advent of new ideas and new
types of accelerator, and there is, as yet, no sign of any slow-
ing down of this rapid advance. Since 1930, the energy of
accelerated particles has continued to increase by roughly an
order of magnitude every eight years. The highest-energy
particles are produced in synchrotron-type machines. The
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FIG. I. Particle energy produced by acceleration as a function of time: 1—
cyclotron; 2—synchrocyclotron (Joint Institute for Nuclear Research,
USSR); 3—electron synchrotron (Physics Institute of the Academy of
Sciences, USSR); 4—proton synchrotron (Berkeley, USA); 5—proton
synchrotron (Joint Insitute for Nuclear Research); strong-focusing proton
synchrotrons: 6—Institute of Theoretical and Experimental Physics,
USSR; 7—Brookhaven, USA; 8—CERN; 9—Institute of High Energy
Physics (IHEP), USSR; 10—Fermilab, USA; 11—CERN. Colliding-
beam installations: 12—proton-proton (CERN); 13—proton-antiproton
(CERN). Proposed: 14—Tevatron 1 ( Fermilab); 15—UNK, fixed target
and colliding beams (IHEP); 16—superconducting supercollider, fixed
target and colliding beams (USA).

highest center-of-mass energies are produced in colliding-
beam systems. However, this does not mean that they will
necessarily become preeminent. Accelerators using station-
ary targets can be used to generate beams of different types of
secondary particle for experiments that cannot be performed
with colliding beams. In fact, accelerators and colliding-
beam systems must be regarded as mutually complemen-
tary.

Over twenty proton and electron accelerators and more
than ten colliding-beam systems with energies exceeding 1
GeV are now working at research centers in USSR, USA,
Great Britain, Switzerland, the Federal Republic of Ger-
many, Italy, and Japan. The maximum particle energy that
has been attained under laboratory conditions is now close to
the 1000 GeV (1 TeV) frontier. Plans are being made to build
accelerators for energies up to 20 TeV, and colliding-beam
systems with equivalent energy of up to 8.5 X105 TeV. Cen-
ter-of-mass energies of a few tens of TeV are of considerable
interest to modern physics because it is expected that experi-
ments performed at these energies will yield fundamentally
new information about space and time over lengths of the
order of 10~ 16-10~17 cm. However, it is important to ensure
that the desire to proceed further and further along the ener-
gy scale must not result in a reduction in the level of activity

at energies already attained, at which improved methods
may lead to the discovery of new fundamental phenomena.
This is illustrated by the discoveries made on accelerators at
the Serpukhov Institute of High Energy Physics, at the
Brookhaven National Laboratory, and at other established
institutions. This underlines the importance of continuing
work on the improvement of existing installations and, espe-
cially, work directed toward increasing the intensity of parti-
cle beams. Realistic attempts are being made at present to
produce beams with intensity in excess of 1013 particles per
second. The mean power delivered by such beams in a 1-TeV
accelerator will exceed 2 MW.

An important class of high-current accelerators con-
sists of the so-called meson factories that have provided ex-
perimental nuclear physics with high-intensity beams of
pions and muons as well as other secondary particles. There
is considerable interest, especially from the point of view of
relativistic physics, in beams of accelerated nuclei of practi-
cally all elments in the periodic table. Such beams can be
produced by both linear and circular acclerators. After some
modernization of existing proton accelerators, it will be pos-
sible to use them to accelerate nuclei of light elements.

Charged-particle accelerators have began to play a ma-
jor role in the solution of many practical problems. They
have recently been successfully used in medicine, biology,
materials science, isotope separation, fabrication of integrat-
ed circuits, and elsewhere in science and technology. There
have been many suggestions for the use of high-current ac-
celerators in nuclear power engineering. These suggestions
rely on the use of special accelerators, such as, for example,
high-current machines for the production of high neutron
fluxes, circular electron accelerators and storage rings for
the generation of synchrotron radiation, and so on.

The history of charged-particle accelerators begins in
the mid-twenties with the construction of dc machines pro-
ducing particle energies of up to 1 MeV. The most interest-
ing installations developed at the time included the electro-
static accelerator of R. Van de Graaff (1931) and the cascade
generator of J. D. Cockcroft and E. T. S. Walton (1932).2 The
principle of the linear resonance accelerator was put forward
by the Swedish Scientist G. Ising3 in 1924. A working model
of this machine was built in 1932 by E. O. Lawrence and D.
H. Sloan.4 The American scientist E. O. Lawrence took the
major step in the further development of accelerators by sug-
gesting a circular modification of the linear resonance ma-
chine. In the new machine, the particles spiral out in a mag-
netic field, crossing the same accelerating gap many times
(this is the principle of the cyclotron)5. Until 1944, most nu-
clear physics research was performed on cyclotrons and ele-
crostatic generators producing particle energies of up to 25
MeV. In 1940, D. W. Kerst began the development of the
circular electron accelerator—the betatron (originally pro-
posed by Wideroe6 in 1928) in which the particles are accel-
erated by an induced electric field. A large number of such
accelerators was built, but the energy of the accelerated par-
ticles could not be taken beyond a few hundred MeV. It was
only after the discovery in 1944 of the principle of phase
stability by the Soviet physicist V. I. Veksler7 that the limita-
tion on the accelerated-particle energy was removed. An
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analogous principle was put forward later, in 1945, by the
American physicist E. M. McMillan.8 All modern high-en-
ergy accelerators and the next generation of machines that is
being planned are based on this principle of charged-particle
acceleration.

The present review of devoted to one of the most impor-
tant topics in accelerator technology, namely, high-energy
accelerators and storage systems for charged particles. Its
aim is to provide the reader with an overall view of particle
dynamics in such systems (with emphasis on circular ma-
chines), to say something about the largest modern accelera-
tor complexes, and to discuss possible future developments
aimed at increasing the intensity and energy of charged-par-
ticle beams.

sharply deformed. A large number of longitudinal regions of
stability can be formed along the orbit of a circular accelera-
tor. This number is referred to as acceleration multiplicity.

The significance of the principle of phase stability was
that it removed the fundamental limitation on the energy of
accelerated particles that could be attained in accelerators.
The design energy of accelerators thus became a function of
economic consideration alone.

A large number of cyclic resonance accelerators was
constructed on the basis of the principle of phase stability in
a short period of time. The first of them was apparently the
30-MeV electron synchrotron, built in 1948 at the Lebedev
Physics Institute of the Academy of Sciences of the USSR
under the direction of V. I. Veksler and P. A. Cherenkov.

1. SOME PROBLEMS IN THE PHYSICS AND TECHNOLOGY OF
ACCELERATORS AND STORAGE RINGS

This section presents some of the physical principles
underlying the operation of charged-particle accelerators
and storage rings, the acceleration of high-current particle
beams, and certain technological problems encountered in
the development of high-energy installations.

A. Principle of phase stability

The principle of phase stability determines the condi-
tions under which longitudinal stability of the motion of par-
ticles is possible in resonance accelerators. Its essence may
be summarized as follows. It is well-known that the accelera-
tion of charged particles in linear and cyclic accelerators is
produced by an electric-field wave traveling in the direction
s of motion of the particle with phase velocity uph equal to the
mean particle velocity. The traveling electric wave is either
excited in a radiofrequency waveguide or is produced by
high-frequency resonators arranged one after another along
s. As the particle energy increases, the wave velocity yph

must increase in step with the particle velocity. It is clear
that this can be achieved only for particles having a particu-
lar phase q>0, referred to as the equilibrium phase. Particles
with other phases relative to the traveling wave (nonequilib-
rium particles) will receive either too little or too much ener-
gy, and become shifted in phase relative to the traveling
wave. They will begin to lose their synchronism with the
wave and may even experience a retarding electric field.
However, the principle of phase stability shows that, when
the electric-field amplitude is high enough, the phase shift of
such nonequilibrium particles is limited, and a shift in a par-
ticular direction is replaced by motion in the reverse direc-
tion. Nonequilibrium particles thus begin to oscillate around
the equilibrium phase tp0 (these are the particle phase oscilla-
tions) and acquire the same energy per period as the equilib-
rium particles. A potential well filled with particles centered
on tp0 is formed in the direction of s, and travels with the
velocity of the traveling wave. The depth of the potential
well (region of stability) is determined by the frequency and
amplitude of the electric field. As applied to circular accel-
erators the principle of phase stability is also valid if we ig-
nore the special effects that arise near the so-called critical
particle energy at which the region of stability becomes

B. Lateral focusing of particles

The dynamic stability of particles in r and 2 directions
perpendicular to the direction of s is assured by magnetic
fields distributed along s and producing lateral focusing of
the particle beam. The principle of strong focusing has as-
sumed a dominant position in high-energy accelerator de-
sign. It is similar to the well-known method whereby an opti-
cal system with a short focal length can be assembled from a
number of alternately focusing and defocusing lenses.
Strongly-focusing magneto-optical channels with high
phase-volume transmission can be constructed for high-den-
sity particle beams of small cross section. Strong focusing is
widely used in both linear and circular accelerators. Cicular
high-energy accelerators would have been impossible with-
out strong focusing. The first paper on strong focusing was
published in 1952 by E. D. Courant, M. S. Livingston, and
H. S. Snyder.9 According to unpublished information, this
principle was first proposed by the Greek engineer N. Chris-
tophilos in 1950. Even before this, in 1944, an analogous
method of focusing of charged-particle beams was developed
by the Soviet physicist V. S. Fursov (unpublished). It is inter-
esting to note that the principle of strong focusing is based on
the theory of dynamic stability that has been known for a
long time and is described by differential equations with pe-
riodic coefficients, first put forward by E. Mathieu in 1868.'°

Modern magneto-optical systems for circular accelera-
tors have separated functions, i.e., the dipole component of
the magnetic field that controls the closed orbit and the qua-
drupole component that assures lateral focusing are pro-
duced by different magnet elements. This separation of func-
tions facilitates the design of magnets for circular
accelerators and storage rings with a given variation in the
shape of the particle beam envelope along the orbit.

The injection of particles into an accelertor results in
the filling of the regions of dynamic stability in the coordi-
nates s, r, z. The particles begin to execute slow radial-phase
oscillations along s and fast betatron oscillations along r and
z within the confines of these regions. Their motion is similar
to that of a physical pendulum. The process of acceleration
may be visualized as the accelerated motion of these stability
regions together with the particles injected into them. To
ensure that the particles are retained, it is necessary, first, to
ensure slow enough acceleration so that the particles acquire
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the necessary energy in one period of the phase oscillation
and, second, to minimize the effect of various perturbing
factors resulting in the growth in the particle-oscillation am-
plitude within the stability regions. The difference between
the actual magnetic fields and the ideal distribution in circu-
lar accelerators gives rise to periodic forces on the particles,
whose period is a multiple of the oribital period. At frequen-
cies approaching resonance values of the particle oscillation
frequencies, this may give rise to growth in their amplitude,
an increase in the effective beam emittance, and particle
losses to the accelerator chamber walls. The resonance beta-
tron oscillation frequencies can be calculated from

kTQr-{-ktQz = K, (1)

where Qr and Q2 are the betatron frequencies expressed in
terms of the number of wavelengths fitting into the orbit and
kr,kz, and K are integers.

The form of (2) shows that, for any choice of Qr and Qz

(the working point), we can always find a triple kr,kz,K for
which a resonance will occur near the working point. How-
ever, the strength of the resonances and, correspondingly,
their effect on the particles, decrease rapidly with increasing
order \kr \ + \kz \. In practice, it is sufficient to suppress re-
sonances up to the fourth order. The greatest danger is pre-
sented by integral resonances Qr z = K, which distort the
orbit, and parametric resonances 2QriZ =K. Third-and
fourth-order resonances 2Qr z + Qz r =K and
2Qr z + 2QZ r = K appear in high-current accelerators and
colliding-beam systems when the electromagnetic field pro-
duced by the beam itself forces the betatron oscillation fre-
quencies closer to these resonances [see (2)].

The suppression of betatron oscillation resonances is
one of the principal aims of accelerator technology. Large
accelerators are equipped with complex magnetic-field cor-
rection systems (they control the components of dipole and
quadrupole magnetic fields that are harmonic along the or-
bit, magnetic-field nonlinearities, and so on).

C. Effect on particle dynamics of the electromagnetic field
due to the beam

High-intensity particle beams are essential for the in-
vestigation of rare events in high-energy physics, and for a
number of applied problems. In modern circular accelera-
tors and storage rings, the orbiting-particle currents reach
values of the order of ten amperes, and the energy stored in
such beams exceeds hundreds of megajoules. The electro-
magnetic field due to the beam acts on the individual parti-
cles and on the beam as a whole. It modifies the acceleration
dynamics and can restrict the current of particles in orbit. In
directions perpendicular to the orbit, the particles exper-
ience a defocusing force due to the electric field of the beam
spacecharge, and a focusing force due to the magnetic field
produced by the beam. The resultant force turns out to be
defocusing (with respect to the orbit). This reduces the focus-
ing forces produced by the quadrupole components of the
magnetic field in the accelerator and lowers the frequencies
2Qr z of betatron oscillations, shifting them toward the haz-
ardous resonance values given by (1). When the beam charge

is distributed uniformly in both the r and z directions, and
when beam images in the conducting walls of the vacuum
chamber can be neglected, the shift of the betatron oscilla-
tion frequencies can be calculated from the formula11

(2)Ji6r, t (

where r0 = q2/M<£2 is the classical radius of the accelerated
particles, R is the orbital radius, N is the number of particles
in orbit, B is the particle bunching factor, equal to the ratio of
the particle density in the bunch to the average density in
orbit, 26 r z are the transverse dimensions of the beam in the r
and z directions, 7 is the relativistic factor, /? = v/c, and v is
the particle velocity.

For the 70-GeV proton synchroton at the Institute of
High Energy Physics, the maximum shift zl Q for an injection
energy of 100 MeV is close to unity when N=6x 1012. The
magnitude of N for which AQ = 1 must be regarded as the
limit for a given accelerator because further increase in the
number of accelerated particles unavoidably forces the beta-
tron oscillation frequencies into the zone of whole-number
resonances.

By analyzing (2) we can identify ways of increasing the
intensity of accelerated-particle beams. For example, the
electromagnetic field due to the beam itself can be reduced in
the course of particle acceleration by using stronger lateral
focusing and by reducing the wavelength 2irR /Q of the beta-
tron oscillations. The most radical way of increasing the
beam intensity in existing accelerations is to use higher injec-
tion energy (N~/3 2y}). For example, in the 28-GeV proton
synchroton at CERN, the injection energy has been raised
from 50 to 800 MeV, whilst at the Institute of High Energy
Physics it is planned to raise the injection energy from 100
MeVtol.SGeV.

In the longitudinal direction s, the reduction in the par-
ticle density along a bunch and toward its edges gives rise to
a longitudinal electric field that acts on the particles in a
manner analogous to the external accelerating voltage. For
beam intensities that have been attained, this again begins to
affect the particle dynamics and may even violate phase sta-
bility. The electric field has a particularly strong effect on
the acceleration regime in the region of the critical energy
where it increases because of the considerable compression
of the particle bunches in the longitudinal direction.

The electromagnetic field produced by the accelerated-
particle beam itself gives rise to many other phenomena that
become hazardous at high beam currents, e.g., various kinds
of coherent beam instability resulting from the interaction
between the particle-beam current and the image current
flowing in the conducting walls of the vacuum chamber.
They include, for example, the so-called resistive instability
or instability resulting from the finite electrical conductivity
of the chamber walls. An instability of longitudinal oscilla-
tions may also arise when beam particles interact with elec-
tromagnetic fields produced by the beam in different cavities
of the vacuum chamber that resonate at frequencies close to
multiples of the particle orbital frequency. Unless special
measures are taken to reduce resonator shunting of the ac-
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celerating system, this may also give rise to this kind of insta-
bility.

One of the phenomena occurring in cyclic accelerators
has been referred to as the negative-mass instability. This is
due to the longitudinal electric field that appears when the
density is a fluctuating function of the coordinate s. Particles
located in front of an increased-density region are acceler-
ated whilst those behind it are slowed down. The longitudi-
nal motion of particles with momentum p relative to the
equilibrium phase <p0 is described by the pendulum equation
with effective mass

where a = \p/R)dR/dp is the orbit expansion factor.12

When cry2 > 1, i.e., after the critical energy, we have M<Q
and a gain in energy leads to a reduction in the angular veloc-
ity of orbiting particles, whereas an energy loss leads to an
increase in this velocity. Thus, particles lying both in front
and behind the region of increased density are effectively
drawn into the bunch, so that the initial inhomogeneity is
enhanced still further. An increase in density arising at any
particular point on the beam is found to initiate bunching
along the entire beam length. The separation between these
bunches is of the order of the diameter of the vaccum
chamber.

Thus, to produce high-intensity particle beams, we
must remove a large number of effects that disturb the accel-
eration process. This is achieved in accelerator technology
by using complex systems designed to suppress unstable lon-
gitudinal and lateral oscillation modes, by introducing an
additional spread of particle oscillation frequencies in order
to exploit the Landau damping effect,13 and by correcting
betatron oscillation resonances.

D. Superconductivity in accelerator technology

The dimensions of circular accelerators are determined
by the radius of curvature R of the particle orbit that can be
produced in a magnetic field B.

*=%' (3)

In conventional electromagnets, the magnetic field is re-
stricted by the saturation of iron and cannot exceed 2T. The
radius of curvature of the proton orbit in a 1000-GeV accel-
erator is in excess of 1.7 km and the perimeter of the orbit,
including the rectilinear gaps, is roughly 12 km. Such large
accelerators draw a great deal of power from the power grid
(the average power consumed by a large accelerator complex
is of the order of hundreds of megawatts). Magnets with su-
perconducting coils, which are free from resistive energy
loss, have been under intensive development in recent years.
In superconducting magnets, in which the magnetic field is
produced by current-carrying superconducting coils, the
limiting field is determined by the critical magnetic field
characteristic for the chosen superconductor.

The development of high-energy accelerators with su-
perconducting magnets is a totally realistic prospect involv-
ing well-established superconducting magnet technology

that relies on the availability of superconductors with pa-
rameter values necessary for operation in varying magnetic
fields and on modern cryogenic technology. The reduction
in the size of accelerators resulting from an increase in B by a
substantial factor can give rise to considerable cost savings.
The first accelerator incorporating superconducting mag-
nets was the 1000-GeV machine built at the Fermi National
Accelerator Laboratory in the United States.

E. Colliding particle beams

A qualitatively new approach to the attainment of high
energies was introduced in the mid-fifties, when the technol-
ogy necessary for implementing the colliding beam idea that
had been put forward earlier became available. In conven-
tional accelerators, the accelerated particles interact with a
stationary target and only a fraction of their energy is ex-
pended in studying some particular process due to particle
scattering or the creation of new particles. Most of the parti-
cle energy is taken up by the center of mass of the incident
and resting particles, and is effectively lost.

The useful energy W in the interaction between two
identical particles of rest energy MgC2 is given by

(4)

where W0 is the energy of the incident particle. For example,
when a 100-GeV proton collides with a proton at rest
(M0c

2 = 938 MeV), we find that the useful energy is W = 12
GeV. When particles of equal energy W0 collide, the energy
that can go into the reaction is their combined energy 2W0

because the center of mass is at rest. It is useful to consider
the so-called equivalent energy We of a particle colliding
with a particle at rest, for which the useful energy becomes
equal to the energy of the colliding particles. For the relativ-
istic case,

-2-L (5)

For colliding protons with W0 = 100 GeV, this equivalent
energy turns out to be 21400 GeV. The colliding beam meth-
od became widely accepted after D. W. Kerst pointed out in
1956 that sufficiently intense colliding beams could be pro-
duced in strongly focusing magnetic structures.14 Such sys-
tems have been under intensive development ever since, and
colliding-beam systems are now successfully used in the
physics of elementary particles at energies that are inaccessi-
ble in fixed-target accelerators. The number 17 of events per
unit time, involving a particular process is proportional to
the cross section a for the process: rj = La. The proportion-
ality factor L is a measure of the efficiency of the colliding-
beam system and is referred to as its luminosity. For circular
installations with continuous beams, the luminosity L can be
expressed in terms of the beam parameters as follows:15

's-1), (6)

where Nl and N2 are, respectively, the numbers of particles
in the colliding beams, 5 is the cross section of the beam at
the point encounter, T is the orbital period of the particles,
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and 1, is the extent of the experimental region along the or-
bit.

When the colliding beams are in the form of particle
bunches, which follow with frequency/, the expression for
the luminosity is conveniently written in the form

(6')

where n l and «2 are, respectively, the numbers of particles in
the individual bunches and m is the number of points of
collision (the entire region of interaction is in the field of view
of the recording equipment).

It is clear from the above expressions that high luminos-
ity can be attained by increasing the intensity of the colliding
beams and reducing the beam cross sections at the point of
encounter.

Accelerator technology now has at its disposal high-
intensity sources of electrons and protons, so that problems
involved in producing electron-electron, proton-proton, or
proton-electron colliding beams of sufficient luminosity can
be solved relatively simply. To produce e~e~- and pp-colli-
sions, one constructs two circular accelerating systems in
which particle motion takes place in opposite directions and
the two orbits cross at one or more points. There are no
direct sources of antiparticles, so that positrons are created
through e~e+-pair production by bremsstrahlung gamma
rays from decelerating electrons with energies of a few tens
or a few hundred MeV. Antiprotons are produced in proton-
antiproton pairs generated by protons accelerated to ener-
gies of the order of a few tens of GeV. The energy threshold
for pp production is approximately 5.6 GeV or about 2 GeV
in the center-of-mass system [see (4)]. The antiparticles are
generated with very low efficiency, so that sufficiently in-
tense particle beams can be produced only as a result of pro-
longed storage through successive injection of a large num-
ber of antiparticle bunches into storage rings.

The mechanisms of storage of light and heavy particles
are fundamentally different. The motion of light particles in
storage systems is accompanied by the emission of electro-
magnetic radiation (synchroton radiation), where the emit-
ted power P is a rapidly-varying function of energy16

The emission of synchroton radiation produces a damp-
ing of particle oscillations, and the beam is compressed both
in real and in phase space. This establishes the conditions for
multiple injection of particles into the same phase space of
the accelerator. The restriction on the increase in beam
phase density, which follows from the Liouville theorem, is
removed, and the storage of positrons presents no funda-
mental difficulties. For antiprotons, on the other hand, the
power P is lower by several orders of magnitude and storage
can be achieved only by simultaneously allowing the beam
phase volume to increase. To produce antiproton beams, we
must introduce forced compression of the beam phase vol-
ume or, in other words, we must "cool" the beam. An origi-
nal and efficient method for cooling antiproton beams or
beams of other ions by electrons was proposed by G. I.
Budker.17'18 The physical principles of electron cooling are

as follows. An electron beam of velocity equal to the mean
longitudinal velocity of the heavy particles is injected into
one of the straight-line sections of the accelerator in the di-
rection of the orbit. The resulting Coulomb scattering of
electrons by the ions, the cross section for which is large for
low relative velocities, leads to intensive momentum trans-
fers. The injected electron beam has a much smaller momen-
tum spread than the ion beam, and momentum transfers oc-
cur mainly from the ion to the electron beams. In other
words, the electron beam heats up and the ion beam cools
down. After the interaction with the ion beam, the electrons
are removed from the accelerator and carry off a proportion
of the energy of transverse and longitudinal oscillations.
This means that the ion beam is no longer a conservative
system.*A cold electron beam is continuously circulated
through the region of interaction with ions.

Another method of cooling heavy particles was pro-
posed at CERN by Van der Meer.19 It is referred to as the
stochastic method and is based oh the extraction of particle
interaction energy by means of external electric fields.
Bunches of particles circulating in storage rings in closed
orbits exhibit random fluctuations in particle density, which
give rise to the appearance of regions of enhanced density.
Oscillations of these enhanced-density regions relative to the
orbit can be recorded by electrodes with sufficiently large
transmission bandwidth (of the order of gigahertz) and can
be quenched (cooled) by using the signal from an electrode
placed at a point on orbit and by applying a transverse elec-
tric field in antiphase with the transverse velocities of these
density bunches. By acting in this way on the beam for long
periods of time, it is possible to compress it as a whole. Since
the method relies on fluctuations in particle density, its effi-
ciency decreases with increasing number of particles in the
storage ring, and the beam cooling time may become as long
as tens of hours. These methods of cooling heavy-particle
beams form the basis for installations with colliding pp-
beams.

Physical experiments with colliding-beams particles re-
quire the availability of straight-line segments along the par-
ticle orbit, the length of which may reach some hundreds of
meters or more at high energies. The magnetic optics of these
segments is designed so that the lateral size of the colliding
beams is a minimum at the point of collision. When em-
ployed together with the cooling of antiparticle beams, this
will produce high-luminosity colliding particle-antiparticle
beams in a single storage ring.

The colliding beam method imposes stringent restric-
tions on the residual-gas pressure along the entire length of
the orbit and, especially, at points at which the detecting
equipment is introduced. The vacuum must be good enough
to ensure adequate particle lifetime, so that the particle stor-
age operation need not be frequently repeated and the back-
ground in the detecting equipment due to the interaction
between stored particles and residual gas nuclei can be mini-
mized. For example, in the proton-proton intersecting stor-
age rings at CERN (ISR), designed for 31.4 GeV, the mean
residual gas pressure in the vacuum chamber is about
5 X 10"10 Pa, whereas the pressure in the collision zone less
than 1.3 X 10~10 Pa. The proton storage process occupies 2-
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4 hours. The current in orbit is up to 35 A (7 X1014 protons),
and can be maintained at this level for more than SO hours.

The development of circular accelerators and storage
rings for high-energy positrons and electrons is seriously
complicated by the emission of powerful synchroton radi-
ation by these particles. The radiated power can be reduced
by using large orbit radii (low magnetic fields). An example
of this is the electron-positron storage ring (LEP) being built
at CERN for a center-of-mass energy of 200 GeV. Its orbit
radius is 27 km (Ref. 20) and the energy loss by radiation is
2.56 GeV per revolution. When the beam current is 9.15 mA,
the power radiated by the two beams is 47.4 MW. A power-
ful high-frequency system is installed to compensate for this
radiation loss. It appears that there is little point in con-
structing circular light-particle accelerators for still higher
energies, and ways must be found for using linear accelera-
tors, which are practically free from energy loss by radiation.
For example, if we take the figure of 11 MeV/m as the accel-
eration rate, and this has been achieved in the Stanford linear
accelerator,21 the length of a 100-GeVlinac would be about 9
km, which nowadays is not an excessive figure. It may also
be possible to increase the rate of acceleration. One way of
doing this is proposed by Balakin et al22 who suggest the use
of resonant high-frequency structures in which the electric
fields are close to the limit of vacuum breakdown and field
emission of electrons. The expected acceleration rate in these
structures is in excess of 100 MeV/m.

Colliding e~e~ and e~e+ beams can be produced by
two linear accelerators firing at each other. This is the basis
for the VLEPP project.19 The idea was also considered by
Tigner23 in 1965. The basic problem is how to achieve the
necessary luminosity. The proposal is that a luminosity of
1032 cm"2s~1 could be attained by reducing the cross sec-
tion of the beam down to 10~7cm2 at the point of collision.

G. I. Budker, A. A. Naumov, A. I. Skrinskii, et al have
made considerable contributions to the development of the
colliding beam method at the Institute of Nuclear Physics of
the Siberian Division of the USSR Academy of Sciences.
Since 1965, the Institute has built the 160-MeV electron-
electron collider VEP-1, the 700-MeV electron-positron col-
lider VEPP-2, and the 7 GeV electron-positron collider
VEPP-4. Experiments performed at the Physics Institute of
the Academy of Sciences (FIAN) in the sixties24 were among
the first attempts to implement the electron-positron collid-
ing beam method.

D. The tandem principle

It is convenient to base high-energy accelerating com-
plexes on the tandem principle whereby the final energy is

reached after acceleration in a number of sequentially ar-
ranged accelerators, each of which acts as the injector for the
next. This means that one can use lateral adiabatic compres-
sion of the accelerated beam as the principle energy in-
creases, and design magneto-optics elements to have smaller
pole-gap dimensions. This results in a saving in both capital
investment and running expenditure. The tandem configu-
ration is also essential if one is to avoid stray magnetic fields
at injection, at which the magnetic-field topography is very
sensitive to residual magnetic fields that arise in magnets
with iron cores (because of hysteresis) and in superconduct-
ing magnets (because of frozen-in currents).

Figure 2 illustrates schematically the tandem arrange-
ment of the 3000-GeV proton accelerating and storage sys-
tem UNK that is being developed at the Institute of High-
Energy Physics (IHEP).25

The preliminary acceleration of protons is performed in
the linear accelerator incorporating quadrupole focusing by
the accelerating electric field. This technique was developed
by V. A. Teplyakov and I. M. Kapchinskii.26 The feasibility
of quadrupole electric fields, produced by altering the high-
frequency field configuration in the accelerating gaps of the
linear accelerator, was first examined by V. V. Vladi-
mirskii.27 The particles are first accelerated to 1.5 GeV in a
fast-cycling synchrotron (first stage) and are injected into the
proton synchrotron of the second stage where the required
number of particles is produced by 30-fold injection over a
period of 1.5 s during which the magnetic field in the second
stage is held constant. The protons enter the next stage after
they have reached 70 GeV. One portion of the accelerated
particles is used to fill part of the orbit of the accelerator in
the third stage. Twelve-fold injection, occuping 71.5 s, is
required to fill the entire orbit of this accelerator. The pro-
tons are accelerated to 600 GeV in the third stage, and are
then transferred to the superconducting accelerator in
which their energy is raised to the final value of 3000 GeV.
The 600- and 3000-GeV machines will be built in a single
circular tunnel. This means that the UNK project provides
for the possibility of proton-proton colliding beams derived
from these machines with a center of mass energy of 2.2 TeV
(Table I).

The present stage of accelerator development is charac-
terized by the extensive use of computers in technological
diagnostics, in beam-parameter diagnostics, and, most im-
portantly, in accelerator control.28 This is particularly effec-
tive in the optimization of the operation of an accelerating
complex with respect to a large number of parameters, and
in maintaining the operation of the system within narrow
tolerances. Computers also play a major role in the automa-

3000 GeV,
superconducting \
magnet J

FIG. 2. Tandem arrangement of the accelerating and stor-
age complex at the Institute of High Energy Physics. The
600-and 3000-GeV accelerators are located in the same
tunnel.
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TABLE I. Some of the parameters of the accelerating and storage complex UNK at IHEP.

Stage

Orbit length, m
Proton energy, GeV
Duration of accelerator cycle,

including storage, s

Number of protons per orbit
Energy stored in the beam, MI
Dimensions of vaccum chamber

(horizontal and vertical), cm

l

99,16
1.5
6,5

between
series of
30 cycles
1 . 7 - l O i a

O.OQ2
14x6.1

2

1484
70

6.5

5- 10"
0.56

20x11.4

3

20772
6TO
78

6-10'4

19
12X6.5

4

20772
3000

78

6-10"
286

7x6

tion of the complex equipment used in physics experiments
with particle beams produced by accelerators. Research into
the application of cybernetic principles to the operation of
accelerating complexes was began in 1960 by A. L. Mints, A.
A. Vasil'ev, V. A. Petukhov, S. M. Rubchinskii, and E. L.
Burshtem.29

2. EXISTING ACCELERATORS AND STORAGE RINGS

High-energy accelerators and storage rings are usually
understood to be machines for charged-particle energies in
excess of 1 GeV. Weak-focusing proton synchrotrons were
being built prior to the advent of the strong-focusing princi-
ple in accelerator technology. The particle energy in these
earlier machines did not exceed 10 GeV. The largest accel-
erators of this type that are working at present are the fol-
lowing (the year of commissioning is indicated in each case):

—Synchrophasotron (10-GeV proton synchrotron),
Joint Institute for Nuclear Research, Dubna, 1957. This ma-
chine was subsequently modernized30 to enable it to acceler-
ate light nuclei with 7. /A = 0.5;

—Bevatron (6.2 GeV), Lawrence Laboratory of the
University of California at Berkeley, USA, 1954;

—Saturne (3 GeV), National Laboratory, Saclay,
France, 1958; the machine was rebuilt as a strong focusing
accelerator in 1978.

The strong focusing principle is used in the following
machines:

—U-10 (10 GeV), Institute of Experimental and Theo-
retical Physics, Moscow, 1961;

—Alternating gradient synchrotron (AGS, 33 GeV),
Brookhaven National Laboratory, USA, 1960;

—CERN proton synchrotron (CPS, 28 GeV), Switzer-
land, 1959;

—KEK proton synchrotron (12 GeV), National High-
Energy Physics Laboratory, Japan, 1976.

The largest strong focusing proton accelerators are the
following:

—70-GeV proton synchrotron, Institute of High-Ener-
gy Physics, Serpukhov, Protvino, 1967;

—450-GeV Super Proton Synchrotron (SPS), CERN,
Switzerland, 1976;

—200/500-GeV synchrotron, Fermi National Accel-
erator Laboratory, commissioned in 1972 at 200 GeV; the
energy reached 500 GeV in 1976. The DOUBLER was com-
missioned in July 1983. It incorporates superconducting

magnets, producing fields up to 4 T. Its design energy is 1000
GeV. At present, 800-GeV protons are being produced.

The 33.4-GeV Stanford electron linear accelerator
(SLAC), built in 1966, is a unique machine among high-ener-
gy accelerators.

Storage rings are usually constructed separately, using
accelerators as injectors, or beams of particles and antiparti-
cles are arranged to collide directly in accelerating systems
as suggested in Ref. 31.

The following CERN installations will serve as exam-
ples:

—Intersecting storage ring (ISR) with colliding proton-
proton or proton-antiproton beams of 31.4 GeV (1971);

—Proton-antiproton colliding beams of 270 GeV in the
SPS proton synchrotron.

The largest storage rings with colliding electron-posi-
tron beams that are working at present are:

—PETRA, particle energy 22.5 GeV, Hamburg, FRG,
1978;

—PEP, particle energy 18 GeV, Stanford, USA, 1980.
We now proceed to a brief description of the charged-

particle accelerators and storage rings that constitute the
experimental basis of the leading high-energy research
centers.

A. 70-GeV proton synchrotron at IHEP

The accelerator is illustrated schematically in Fig. 3
which also gives some of the dimensions. The particle orbit is
nearly circular and has a perimeter of 1.5 km. The orbit is
formed in a magnetic field produced by an electromagnet
consisting of 120 separate sectors. The magnetic field in the
pole gap of each sector has both dipole and quadrupole com-
ponents, which are necessary for holding the particles in or-
bit and for strong lateral focusing (Qr z = 9.8). The neces-
sary magnetic-field topography is defined by the shape of the
magnet poles. Focusing and defocusing sectors alternate
along the orbit, as shown. Gaps between these magnet sec-
tors contain high-frequency accelerating stations, particle
extraction systems, and a variety of diagnostic equipment.
The preliminary acceleration of protons to 100 MeV takes
place in the I-100 linear accelerator. Pulsed electric fields
perpendicular to the orbit are used for multiturn injection of
particles. When the linear accelerator current is 100 mA, the
number of protons in orbit is 1013. In accordance with the
principle of phase stability, the accelerating voltage, whose
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FIG. 3. The 70-GeV proton synchrotron at IHEP.

Separators

frequency exceeds the orbital frequency by a factor of 30,
produces 30 particle bunches in orbit (30 regions of stability),
and takes them to the final energy. The protons acquire ap-
proximately 200 keV in each revolution. The acceleration
time is 2.85 s, and the path traversed by the particle is 500
000 km. The protons and secondary particles are extracted
between sectors 16 and 36, and are transported to the experi-
mental areas along magneto-optical channels.

Figure 4 illustrates the working cycle of the magnetic
field of the accelerator, showing the instant of proton injec-
tion and one of the possible variants of the distribution of the
beam of accelerated protons over the extraction channels.
One bunch of protons is extracted from the accelerator while
the magnetic field is rising, and is used to generate a beam of
particles of a particular type, e.g., pions, K-mesons, or anti-
protons. The protons are first directed onto an external tar-
get in which they generate the entire possible spectrum of
particles. Spatial separation of particles with a required mass
is accomplished in a special high-frequency separator after
the beam has passed through an extended magneto-optical
channel that transmits particles with roughly equal mo-
menta. "Pure" beams produced in this way can be used in
bubble chamber experiments. Nineteen particle bunches are
rapidly extracted at the beginning of the magnetic-field pla-
teau, and are used on an external target to generate a neu-
trino beam. After the accelerating voltage is turned off, the
remaining ten bunches rapidly spread (because of the parti-
cle momentum spread) over the orbit perimeter. During the
first half of the magnetic-field plateau, a fraction of the beam
is extracted from the accelerator by special systems, and is

Magnetic field B, T
Fast extraction of protons

Slow extraction of protons
Beam steered on to internal targets

0,076
Time

FIG. 4. Magnetic field as a function of time, showing the distribution of
accelerated protons in experiments performed at IHEP.

used in experiments with external targets. The remainder of
the beam is used during the second half of the plateau to
generate secondary particles on an internal target inside the
accelerator vaccum chamber. Particle beams stretched
along the time axis are needed for physics experiments using
electronic techniques. In this example, the protons are divid-
ed between five simultaneously running experiments. The
number of accelerated protons per cycle exceeds 5 X1012 un-
der these conditions. The accelerated protons are used to
generate a wide range of secondary particles (they are listed
in Table II). Figure 3 shows schematically the disposition of
the beam lines.

Physics experiments on accelerators are laborious and
time consuming. Some experiments require thousands of
hours of operation of power consuming equipment. How-
ever, the exposure time can be reduced by increasing the
beam intensity. It is planned to raise the beam intensity of
the accelerator at IHEP to 5 X1013 protons per cycle by rais-
ing the energy at injection to 1.5 GeV. The new injector will
take the form of a fast-cycling proton synchrotron (boos-
ter),34 operating in the pulse-packet regime at a frequency of
20 Hz. It is shown by the broken line in Fig. 3, together with
the 30-MeV linac and the injection channel. During each
acceleration cycle in the booster one of the longitudinal sta-
bility regions of the main accelerator will be filled. Thirty-
fold injection is necessary to fill all the stability regions. Dur-
ing injection, the magnetic field is held at 0.0386 T for 1.5 s.
The photograph in Fig. 5 shows part of the circular electro-
magnet of the accelerator. Figure 6 shows two of the 40 ac-
celerating stations. The upper parts of these stations contain
high-frequency resonators inserted into the accelerator
vacuum chamber. The cover of one of these resonators is
removed, exposing the ferrite plates used for resonator tun-
ing during the acceleration process.

B. The CERN accelerating and storage complex35

CERN has the greatest number of accelerating and
storing installations as compared with other research
centers. CERN is also characterized by a rapid rate of ad-
vance in accelerator technology. Figure 7 shows a multicom-
ponent and multipurpose arrangement of the CERN com-
plex. The first to come on stream, in 1959, was the 28-GeV
proton synchrotron CPS ( = CERN proton synchrotron).
The next to be built was the ISR (intersecting storage rings)
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TABLE II. Types of particles in the accelerator at the Institute of High Energy Physics33

Particles

Protons

Hadrons ( — )

Hadrons ( + )
Electrons
Positrons
Neutrinos and

antineutrinos
Separated beams for bullet

chambers: pions and
kaons, protons and anit-
protons, deuterons,

antideuterons

Neutral particles

Range of variation in-
momentum p (GeV/c)

70

25—65

3-17
2-45
2-15
5-6

(average)

^s 40

10-12
ditto

70

Number of particles per
cycle (Ap/p = 10~2) Notes

i

1()8 1Q12

ion— 4- 1012

5-108

(p = 40GeV/c)
108

10'
8-10*
5-10»

~ 5

— 5-0.7
- 106

Pulse length r = 1 s.
ForlO":r=5xl(r8s,
for4xl012:r=5XlO-6s,
r = l s

ditto
It H

It t,

r=5XlO-6;broad
spectrum

T=;2XlO~6S

ditto

total number of particles
in the spectrum; r = 1 s

The number of secondary particles is given per 1012 primary protons.

installation consisting of two identical rings with straight-
line sections that intersect at eight points. Particles are in-
jected from the CPS into the rings in turn in opposite direc-
tions. After the necessary number of particles has been
injected into each ring, and after a small amount of addi-
tional acceleration, the system contains two beams of pro-
tons traveling in opposite directions, each of 31.4 GeV. The
450-GeV Super Proton Synchroton (SPS) was a major step

forward in the development of the accelerating and storage
complex at CERN. The CPS was used as the proton injector.
This is the second (after the Fermilab machine) accelerator
with such high particle energy.

An experimental study of electron and stochastic cool-
ing of proton beams was followed by the rapid implementa-
tion of the qualitatively new antiproton program. The anti-
proton storage ring (the AA) was built (and has played a

FIG. 5. Part of the circular electromagnet of the accelerator at IHEP.
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FIG. 6. Two accelerating stations. Lower part contains high-
power output stages and the upper part the high-frequency re-
sonators.

decisive role in the scheme), the necessary reconstruction of
the ISR and the SPS was carried out, and a branched mag-
neto-optical beam transport system for the p and p beams
was introduced. This has resulted in a sophisticated techno-
logical complex of accelerating installations with extensive
experimental capabilities in research with beams extracted
from the CPS and SPS, and with colliding proton-proton
and proton-antiproton beams in the ISR and SPS.

Antiprotons are accumulated in the A A at 3.3 GeV,
using stochastic cooling. They are generated in the target M
exposed to protons accelerated in the CPS. Roughly two an-
tiprotons are created from the 106 protons in the phase vol-
ume necessary for injection. A total of 6 X1011 antiprotons is
necessary to attain the luminosity of 1030 cm~2s"1 for the
colliding beams in the SPS, so that if the CPS intensity is 1013

protons per second, the time necessary to complete the stor-
age process is approximately 3 days (assuming storage effi-
ciency of 30%). At the end of the storage process, the anti-
protons return on the CPS along the magneto-opticl loop,
and are accelerated to 26 GeV. They are then extracted and
injected either into the SPS or the ISR. The energy of 540

GeV in the ecenter-of-mass system of the colliding protons
and antiprotons in the SPS is the highest attained so far in
accelerating installations.

Tables III and IV list data on particle beams that are
available at CERN, and also the main parameters of the col-
liding beams in ISR and SPS.

C. Proton accelerators in the 500-1000 GeV range (FNAL)M

The Fermi National Accelerator Laboratory near Chi-
cago is one of the major high-energy physics research centers
in the USA. The 500-GeV proton synchroton built by
FNAL was the first machine for experiments in high-energy
physics at energies in the region of hundreds of GeV. Injec-
tion of protons at about 8 GeV from a fast-cycling booster
has substantially reduced the effect of the beam spacecharge
on acceleration dynamics and has enabled 3x 1013 protons
per pulse to be produced. The magneto-optical system of the
accelerator consists of bending dipoles and quadrupole
lenses producing strong focusing. This separation of func-
tions was found to be much more effective than the system

FIG. 7. Accelerating and storage complex at CERN: CPS—28-
GeV proton accelerator, injector of protons and antiprotons into
ISR and SPS; ISR—storage ring for colliding pp and pp beams of
31.4 GeV; SPS—570-GeV proton accelerator, storage ring for pp
beams of 270 GeV.
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TABLE III. CPS and SPS accelerators.

Installation

CPS

SPS

Number of accelerated
protons

1 .8 • 1C" Protons per cycle

1,0- 10" Protons per
second

2.5 • 101S Protons per cycle

2.5 -10" Protons per
second

Secondary-particle beams

Protons
Antiprotons
Protons and pions
Positive pions
Protons
Hadrons
Neutrinos

H-Muons
Electrons

Momentum range, GeV/c

<28
<1,5
<14
<2,5

250-450
<350

^ 275 ( narrow spectrum )
~ 3'l (broad spectrum)

<280
<150

with combined functions (used in the accelerator at IHEP),
and has been adopted in subsequent high-energy accelerator
projects.

During the last decade, FNAL has been engaged in the
development of the 1000-GeV proton accelerator
DOUBLER. The accelerator magnet consists of supercon-
ducting dipole magnets and quadrupole lenses using NbTi
coils. The dipoles and quadrupoles operate within very nar-
row magnetic-field tolerances, and were built as a result of
an extensive technological development program. The accel-
erator is located in the same tunnel as the basic FNAL ma-
chine, which is used as the injector of 150-GeV protons. The
time necessary to accelerate the protons to maximum energy
is limited by the capabilities of the superconductors, and
amounts to about 15s. The main physics research program
will utilize the extracted proton beam. Provision is made for
slow (up to 10 s) and fast (1 ms) extraction of protons from the
machine. The accelerator was commissioned in 1983. In the
history of accelerator technology, DOUBLER will figure as
the first superconducting machine of the TeV range. The
FNAL accelerating complex is now a tandem system con-
sisting of a linear accelerator (200 MeV), a fast-cycling boos-
ter synchrotron (8 GeV), a proton synchrotron (150-500
GeV), and DOUBLER (1000 GeV). Table V lists some of the
parameters of the main accelerating installations.

Figure 8 illustrates schematically the order in which the
accelerated proton beams are used in physics experiments.
Secondary particles are generated on external targets. Sec-
ondary-particle channels point in three directions, forming
the meson, neutrino, and proton areas. The proton beam
extracted from the accelerator is distributed by special sys-
tems among these directions in a predetermined ratio. Ex-

periments are also performed directly with the internal beam
circulating in the accelerator chamber. Very thin (e.g., gas
jet) targets are used to keep disturbances to the beam within
tolerable limits. This technique was first used on the IHEP
accelerator. Beams of different secondary particles can be
produced in the experimental areas in a wide momentum
range, e.g., hadrons with 20-400 GeV/c, electrons with 40-
300 GeV/c, neutrinos with 10-300 GeV/c, muons with 25-
270 GeV/c, and gamma rays with 10-280 GeV/c. With the
advent of the superconducting accelerator the experimental
areas will acquire the facility of secondary particles with
roughly doubled momenta.

Further plans for the development of the FNAL accel-
erating complex include the development of an antiproton
program. It is proposed to build an antiproton storage ring
and to produce in the DOUBLER proton-antiproton collid-
ing beams with center-of-mass energy of 2000 GeV.

D. Electron-positron storage ring PETRA at Hamburg37

The Positron Electron Tandem Ring Accelerator (PE-
TRA) was commissioned in 1978 and is the largest accelerat-
ing and storage installation for positrons and electrons. Elec-
tron-positron colliding beams with center-of-mass energy of
up to 45 GeV have recently been produced in this machine.
So far, this is the highest light-particle energy that has been
attained in circular accelerators. The first accelerator con-
structed at the Hamburg research center was the 7.5-GeV
electron synchrotron DESY (Deutsches Elektronen Synch-
rotron). It was followed by the 5.1-MeV electron-positron
colliding-beam ring DORIS. Figure 9 illustrates schemati-
cally the arrangement of the accelerating installations. Posi-

TABLEIV. Colliding beams

Installation

ISR:
pp- Beams
PP- Beams

SPS:
Pp- Beams

Particle energy, GeV

31.4
31.4

270

Beam current, A

50
p:50
p:30

4,35

Luminosity, cm 2 s '

5 -It31

10"

103"
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TABLE V. Basic parameters of Fermilab accelerators

Basic proton synchrotron
Maximum proton energy
Number of accelerated protons

Mean ring radius
Injection energy
Maximum magnetic field
Mean power consumption
Number of acceleration cycles per minute
Frequency of betatron oscillations Q

DOUBLER
Maximum proton energy
Injection energy
Maximum magnetic field
Number of magnetic dipoles
Number of magnetic quadrupoles
Frequency of betatron oscillations Q

500 GeV
3.10" protons per cycle
3,75-10" protons per second
1000m
8 GeV
2.23 T
46 MW
7,5
19.4

1010 GeV
150 GeV
4.42 T
774
216
19.4

trons are injected into PETRA from the synchrotron DESY
(operating at 50 Hz) and the storage ring DORIS. The pro-
duction and preliminary acceleration of positrons to 300
MeV is performed in a linear accelerator. Positrons are
stored in the ring in two stages. First, intermediate storage in
DORIS is performed at 2.2 GeV. The linac-DESY-DORIS
chain continues to operate at this stage for the time necessary
to accumulate in the DORIS orbit the maximum number of
positrons allowed by beam stability conditions. The posi-
trons are then returned to DESY where they are accelerated
to 7 GeV and are injected into the main storage ring. The
cycle is repeated until the design current of 80 mA is reached
in PETRA's orbit. When the electron current in the initial
portion of the linac is 0.2 A, it takes about 10 min to accumu-
late the required number of positrons in PETRA. An elec-
tron beam of sufficient intensity is produced in DESY in one
acceleration cycle. The energy of particles stored in this way
is then raised from 7 GeV to the required figure by a high-
frequency accelerating system, with the magnetic field rising
simultaneously on the orbit. The main parameters of the
storage ring are listed in Table VI.

The design energy of the accelerated particles (19 GeV)
is limited by the resultant amplitude of the high-frequency
accelerating voltage used to compensate energy losses by the
emission of synchrotron radiation. The power delivered by
the accelerating devices determines the maximum colliding-
beam currents. The number of 500-MHz resonators used for

Linac

^ J. zoo MeV

Beam distributor

Meson area

Proton area
Neutrino area

Thin-target experiments
with internal targets

FIG. 8. Fermilab system showing the distribution of the extracted proton
beam over different experimental areas.

the compensation of synchrotron losses (almost 100 MeV
per revolution of each stored particle) had to be doubled to
attain the required energy of 45 GeV. These resonators (total
number 112) occupy about 10% of the orbit perimeter.
Further increase in the energy can be achieved by using su-
perconducting resonators.

E. The SLAC linear electron accelerator21

The Stanford Linear Accelerator Center (SLAC) of the
Stanford University near San Francisco has a unique elec-
tron that is the largest machine of this kind in the world (see
Table VII). The electrons are usually accelerated to 24 GeV.
However, the energy can be raised to 33.4 GeV by turning on
additional high-frequency devices that increase the accelera-
tion rate. Positrons can also be accelerated. They are gener-
ated in a tungsten target presented to the accelerated-elec-
tron beam at the end of the first one-third of the length of the
machine. A small fraction of positrons produced in this way
proceeds in the same direction as the primary electrons, and
is accelerated in the remainder of the linac to 15 GeV. The
number of positrons trapped in the acceleration process is
about 8% of the number of primary electrons incident on the
target.

14 resonators
1108m,

16 resonators

FIG. 9. PETRA electron-position storage system.
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TABLE VI. Design parameters of PETRA.

Maximum e+e energy
Current in each beam
Particle lifetime
Number of crossings per orbit
Beam dimensions at points of encounter

horizontal
vertical

Luminosity

19 GeV
80 mA
10 hr

0,8 mm
0.03mm
10" car2*-1

Physics experiments are performed both with the pri-
mary beam of accelerated electrons and with secondary par-
ticles generated by electrons on external targets. In addition
to meson, proton, antiproton, and bremsstrahlung y-ray
beams, the accelerator produces a beam of monochromatic
y-rays of 20 GeV. This beam is formed as a result of the
backscattering of laser photons traveling in the opposite di-
rection to the accelerated electrons. The beam intensity is up
to 3.6 X104 photons per second. The idea of using colliding
beams of accelerated electrons and laser photons to produce
this unique source of y-rays was first put forward at the Ere-
van Physics Institute of the USSR Academy of Sciences38

and, independently but later, abroad.39

The experimental facilities of the accelerator center
were substantially expanded after the advent of the electron-
positron storage ring SPEAR at 4.2 GeV and PEP (Positron
Electron Project) at 18 GeV. The SLAC linear accelerator
was the particle injector in both cases. A luminosity of 1031

cm"2s~1 is achieved in SPEAR when each beam carries a
current of 0.1 A. Roughly the same luminosity is achieved in
PEP. The parameters of these installations are very similar
to those of DORIS and PETRA. Generally speaking, the
Stanford and Hamburg centers have much in common as far
as the nature of their development is concerned, since both
centers are based on electron accelerators of roughly the
same energy.

In addition to the high-energy physics program,
SPEAR is being used in extensive research in chemistry, bio-
logy, and metallurgy, using the synchrotron beams whose
spectrum extends far into the ultraviolet and x-ray ranges.
This research is arranged to run parallel to the main pro-
gram, and substantially extends the scientific and practical
importance of electron storage systems.

3. POSSIBLE FUTURE DEVELOPMENTS

The accelerator and storage systems for charged parti-
cles mentioned in the above examples can no longer be re-

ferred to as laboratory installations. In their size and techno-
logical capabilities, they more closely resemble major
industrial complexes requiring considerable capital invest-
ment and running expenditure as well as a large staff. Pro-
jects being discussed at present are estimated to require bud-
gets of billions of dollars. As far as the energy of accelerated
particles is concerned, the needs of physics run in advance of
the possibilities of accelerator technology. Discoveries made
at the maximum energies available at present create prob-
lems that can only be solved at still higher energies. At pres-
ent, there are only relatively limited possibilities for the opti-
mum development of accelerators in this direction.
Accelerator technology continues to develop on the basis of
known acceleration principles, and an increase in the energy
of accelerated particles in the immediate future will neces-
sarily involve an increase in the dimensions of accelerators.
The application of cybernetic principles to accelerator de-
sign, and the use of superconductvity to produce magnetic
and high-frequency electromagnetic fields, will reduce the
cost per unit energy of accelerated particles. This will be
widely exploited in accelerators of the next generation. It
will also enable us to reduce by a factor of 2-3 the dimensions
of circular accelerators per unit energy. This has already
been done in the planned 3000-GeV accelerating and storage
complex at IHEP.

Accelerating and storage systems working at hundreds
or thousands of GeV in the center-of-mass system will come
on stream in the immediate future at a number of science
centers (SPS is the first installation in this range).40 The Nu-
clear Physics Institute of the Siberian Division of the USSR
Academy of Sciences is working on the electron-positron
collider VLEPP, which exploits single collisions of particles
accelerated in two linear accelerators pointing at each other.
It is proposed to begin with the construction of 150-GeV
linear accelerators. Their length will then be extended to
raise the energy to 500 GeV. An analogous method of pro-
ducing colliding beams with single particle collisions, but

TABLE VII. Basic parameters of SLAC accelerator.

Accelerator length
Mean beam current

electrons
positrons

Length of current pulse
Pulse repetition frequency
High-frequency accelerating electric field
High-frequency power

peak
average

3050 m

48 //A
0,6 uA.
1,6 us
360 Hz
2856 MHz

7300 MW
7 MW
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using a single accelerator, is being implemented at SLAC.
The energy of the accelerated electrons and positrons will be
raised to 50 GeV after the appropriate modernization of the
high-frequency system. Beam collisions are brought about
by magneto-optical channels producing beam diameters of
about 4 fim at the point of encounter.41 At Fermilab, it is
planned to use DOUBLER to produce colliding proton-an-
tiproton beams with energies of 1 TeV. The DESY research
center at Hamburg is developing the HERA installation for
colliding electron-proton beams with energies of 30 GeV and
820 GeV, respectively. The proton ring will use supercon-
ducting magnets. CERN is building the electron-positron
LEP ring with a perimeter of 27 km. It is also proposed to use
it tunnel to contain a ring with superconducting magnets for
proton-antiproton colliding beams with energies of 5-10
TeV. The National Laboratory for High Energy Physics in
Japan is planning TRISTAN which will produce colliding
electron-positron beams of 33 GeV (with subsequent in-
creases). The accelerating system will incorporate high-fre-
quency superconducting resonators.

American specialists have recently proposed a proton
accelerator complex producing 20 TeV. This plan provides
for two rings with energy ensuring that colliding beams will
have 40 TeV in the center-of-mass system. The expected lu-
minosity is 1032-1033 cm~2s~1. The magnetic-ring struc-
tures will consist of superconducting focusing and bending
magnets. Two magnet designs are being examined. One has
an iron core and a superconducting coil. The required mag-
netic-field configuration is defined by the pole geometry.
The maximum magnetic field in such magnets is limited by
the saturation of iron. The principal advantage of the mag-
nets is their simplicity of fabrication and exploitation. The
perimeter of rings producing 2T in the bending magnets is in
excess of 200 km. With some further complication of the
design of the dipole magnets, and with special disposition of
the superconducting coils, it will be possible to achieve geo-
metric composition of the magnetic field in the gap, and raise
the magnetic field to about 3T without substantial saturation
of iron.42 The ring perimeter will be greatly reduced by using
magnets with superconducting current coils, and by increas-
ing the magnetic field to 5T. The final design of the magnets
is not as yet settled.

Higher magnetic fields have to be used to reduce the
dimensions of circular accelerators. There is a number of
options here. Currently used superconductors are based on
the alloy NbTi with critical magnetic field of 10T. By using
NbjSn (critical field 25T), it will be possible to develop super-
conducting magnets producing fields of up to 10T, whereas
fields of up to 20T are possible with V3Ga (critical field 35T).
However, many complex technological problems will have
to be solved before the use of such high magnetic fields in
accelerator technology will become a practical reality. The
development of additional methods of acceleration is run-
ning in parallel with intensive searches for new principles
capable of sharply increasing the rate of acceleration. As
noted earlier, the Nuclear Physics Institute of the Siberian
Division of the USSR Academy of Sciences is developing the
high-frequency structure of a linear accelerator with a de-

sign acceleration rate of 100 MeV/m, which is greater by an
order of magnitude than the figure used in modern accelera-
tors so far. Many ideas are based on fundamentally new ac-
celeration mechanisms.43 For example, one of the ideas that
has been considered is the transfer of energy to charged par-
ticles from powerful laser beams that produce high electric
fields. Some of the schemes that have been proposed involve
the use of effects in their inverse form, for example, the in-
verse Vavilov-Cherenkov effect, in which the charged parti-
cle absorbs energy from a laser beam crossing its orbit at the
characteristic angle for this radiation. Calculations have
shown that an acceleration rate of 500 MeV/m can be
achieved in this way. Comparable acceleration rates can be
attained by pointing laser beams at free electrons.

In many of the proposed methods, charged particles are
accelerated by exploiting electromagnetic phenomena in
plasma to produce progressive electric-field waves with
phase velocities lower than the velocity of light. Such waves
can be generated, for example, by a density-modulated high-
current electron beam, or by placing the plasma in two inter-
fering laser beams. The expected acceleration gradients pro-
duced in this way are up to 1 GeV/m. However, as yet such
studies have been confined to theoretical and laboratory
work and it is still premature to speak of their practical im-
plementation.

It seems that advances in accelerator technology in the
course of the next decade will rely on improvements in the
technology of construction of more economical accelerating
and storage systems whose operation will be based on estab-
lished principles.

It may be expected that new-generation accelerators us-
ing colliding hadron beams will produce total energies of up
to 40 TeV (see Fig. 1). One cannot, of course, exclude the
possibility that new ideas for the production of ultrahigh-
energy particles will emerge, but such events usually occur
unexpectedly in the history of science and technology, and
cannot be predicted in advance.

'R. J. Van de Graaff, Phys. Rev. 38, 1919 (1931).
2J. D. Cockcroft and E. T. Walton, Proc. R. Soc. Lender Ser. A137,229
(1932).

3G. Ising, Ark. Mat. Astron. Fys. 18, No. 4, 1 (1925).
4E. O. Lawrence and D. H. Sloan, Proc. Nat. Acad. Sci. 17, 64 (1931).
5E. O. Lawrence and M. S. Livingston, Phys. Rev. 37, 1707 (1931).
6D. W. Kerst, ibid. 58, 841 (1940).
7V. I. Veksler, Dokl. Akad. Nauk SSSR 43, 346 (1944); 44, 393 (1945).
8E. M. McMillan, Phys. Rev. 68, 143 (1945).
*E. D. Courant, M. S. Livingston, and H. S. Snyder, ibid. 88,1190 (1952).

10M. J. O. Strutt, in: Lamesche, Mathieusche und verwandte Funktionen
in Physik und Tekhnik, Ergeb. Math. Grenzgeb. 1, 199-323 (1932)
[Russ. Transl. GNTI Ukrainy, Kharkov, Kiev, 1935, p. 28] Mathieu E.,
J. Math (Liouville), 13, 137 (1868 (2)).

"A. N. Lebedev and A. V. Shal'nov, V. kn. Osnovy flziki i tekniki uskori-
telei (in: Fundamentals of the Physics and Technology of Accelerators)
Energoizdat, Moscow, 1982, Vol. 2, p. 60.

I2A. A. Kolomenskii and A. N. Lebedev, V kn. Teoriya tsiklicheskikh
uskoritelei (in: Theory of Cyclic Accelerators), Fizmatgiz, Moscow,
1962, p. 158.

13L. D. Landau, Zh. Eksp. Teor. Fiz. 16, 574 (1946).
14D. W. Kerst, CERN Symposium, 1956, Vol. 1, p. 36.
"A. N. Skrinskii, Usp. Fiz. Nauk 138, 3 (1982) [Sov. Phys. Usp. 25, 639

(1982)].

68 Sov. Phys. Usp. 28 (1), January 1985 Yu. M. Ado 68



"A. A. Sokolov, V kn. Vvedenie v kvantovuyu elektrodinamiku (In: In-
troduction to Quantum Electrodynamics), Fizmatgiz, Moscow, 1958, p.
173.

I7G. I. Budker, At. Energ. 22, 346 (1976).
18G. I. Budker and A. N. Skrinskii, Usp. Fiz. Nauk 124, 561 (1978) [Sov.

Phys. Usp. 21, 277 (1978)].
"S. Van DerMeer, CERN-ISR-PO/72-31, 1972.
20J. B. Adams et al. CERN-ISR-LEP/79-33, 1979.
21G. A. Loew, V kn. Trudy Mezhdunarodnoi konferentsii po uskorite-

lyam zaryazhennykh chastits vysokikh energii, Protvino, iyuT 1977 (In:
Proc. Tenth Intern. Conf. on High-Energy Charged-Particle Accelera-
tors), IHEP, Serpukhov, 1977, Vol. 1, p. 58.

22V. E. Balakin, G. I. Budker, and A. N. Shrinskil, V kn. Problemy fiziki
vysokikh energii i upravleyaemogo termoyadernogo sinteza (in: Prob-
lems of High-Energy Physics and Controlled Thermonuclear Fusion),
Nauka, Moscow, 1981, p. 49.

23M. Tigner, Nuovo Cimento 37, 3 (1965).
24Yu. M. Ado, K. A. Belovintsev, E. G. Bessonov, and P. A. Cherenkov,

Trudy Fizicheskogo instituta AN SSSR (Proc. Physics Insitute, Aca-
demy of Sciences of the USSR), Nauka, Moscow, 1971, Vol. 54, p. 130;
At. Energ. 18, 104 (1965).

"V. I. Balbekov, V. I. Gridasov, G. G. Gurov, Yu. P. Dmitrevskii, A. F.
Dunaitsev, V. V. Elistratov, O. V. Kurnaev, V. N. Lebedev, A. A. Lo-
gunov, K. P. Myznikov, V. G. Rogozinskii, L. D. Solov'ev, 1.1. Sulygin,
N. M. Tarakanov, Yu. S. Fedotov, B. K. Shembel', V. A. Yarba (IFVE);
A. D. Artemov, S. N. Vasil'ev, V. A. Glukhikh, O. A. Gusev, B. G.
Karasev, M. N. Kosyakin, I. F. Malyshev, I. A. Mozalevskii, I. V. Mo-
zin, N. A. Monoszon, V. N. Peregud, G. L. Saksaganskii, O. B. Sen-
chenko, P. V. Smirnov, V. A. Titov (NIIEFA im. D. V. Efremova); A. A.
Vasil'ev, G. P. Vorontsov, A. M. Gyul'khandanyan, E. L. Makeev, and
F. Z. Shiryaev (GKAE), Preprint IFVE (IHEP) 83-120 OUNK, Serpuk-
hov, 1983.

MI. M. Kapchinskii and V. A. Teplyakov, Prib. Tekh. Eksp. No. 2, 19
(1970).

"V. V. Vladimirskii, Prib. Tekh. Eksp. No. 3, 35 (1956).
28A. A. Matyushkin, V kn. Trudy Vsesoyuznogo seminara po avtomati-

zatsii nauchnykh issledovanii v yadernoi fizike i smezhnykh oblastyakh
(Proc. All-Unio Seminar on Automation of Scientific Research in Nu-
clear Physics and Adjacent Fields), Institute of Nuclear Physics, Siberi-
an Division, Academy of Sciences of the USSR, Novosibirsk, 1982, p.
130.

29E. L. Burshtein, A. A. Vasil'ev, A. L. Mints, V. A. Petukhov, and S. M.
Rubchinskii, Dokl. Akad. Nauk SSSR 141,590 (1961) [Sov. Phys. Dokl.

6, 1001 (1962)].
30A. M. Baldin, Yu. D. Beznogikh, V. I. Volkov, E. D. Donets, L. P.

Zinov'ev, I. F. Kolpakov, L. G. Makarov, V. A. Monchinskii, A. I.
Pikin, I. N. Semenyushkin, and E. A. Silaev, see Ref. 21, Vol. 1, p. 367.

"Yu. M. Ado, At. Energ. 12, 54 (1962).
32V. V. Vladimirskii, L. L. Gol'din, D. G. Koshkarev, E. K. Tarasov, B.

M. Yakovlev, G. K. Gustov, E. G. Komar, V. V. Kulikov, I. F. Maly-
shev, N. A. Monoszon, A. V. Popkovich, A. M. Stolov, N. S. Strel'tsov,
V. A. Titov, F. A. Vodop'yanov, A. A. Kuz'min, V. F. Kuz'min, A. L.
Mints, S. M. Rubchinskii, V. A. Uvarov, V. M. Zhadanov, S. G. Filare-
tov, and F. Z. Shiryaev, V kn. Trudy Mezhdnarodnoi konferentsii po
uskoryatelyam. Dubna, 21-27 Avgusta 1963 (Proc. Intern. Conf. on Ac-
celerators, Dubna, 21-27 August, 1963) Atomizdat, Moscow, 1964, p.
197.

33N. A. Galyaev, N. I. Golovnya, M. I. Grachev, K. I. Gubrienko, E. V.
Eremenko, V. N. Zapol'skii, V. I. Kotov, A. A. Prilepin, V. S. Seleznev,
R. M. Sulyaev, and Yu. S. Khodyrev, Proc. Eighth Intern. Conf. on
High Energy Accelerators, CERN, Geneva, 1971, p. 17; M. I. Grachev,
V. I. Kotov, and A. V. Samoilov, V kn. Trudy V Vsesoyuznogo sovesh-
chaniya po uskoritelyam zaryazhennykh chastits (Proc. Fifth All-Union
Conf. on Charged-Particle Accelerators), Nauka, Moscow, 1977, Vol. 2,
p. 106.

34Yu. M. Ado, V. I. Balbekov, E. A. Myae, A. A. Naumov, V. G. Tishin,
V. A. Teplyakov, E. F. Troyanov, K. Z. Tushabramishvili, V. A. Gluk-
hikh, E. P. Goryunov, B. M. Gutner, O. A. Gusev, I. F. Malyshev,
N. A. Monoszon, V. A. Titov, I. A. Shukeflo, G. I. Batskikh, F. A.
Vodop'yanov, V. V. Elyan, V. A. Kuz'min, R. A. Meshcherov, B. P.
Murin, G. P. Vorontsov, and V. P. Kasatkin, ibid., Vol. 1, p. 42.

35J. B. Adams, see Ref. 21, Vol. 1, p. 17. R. Billinge and M. C. Crowley-
Milling, IEEE Trans. Nucl. Sci. NS-26, 2974 (1979).

36B. D. McDaniel, ibid., p. 2978.
"G. A. Voss, ibid. p. 2970.
38F. R. Arutyunyan and V. A. Tumanyan, Zh. Eksp. Teor. Fiz. 44, 2100

(1963) [Sov. Phys. JETP 17, 1412 (1963)].
39R. H. Milburn, Phys. Rev. Lett. 10, 89 (1963).
40G. Brianti, IEEE Trans. Nucl. Sci. NS-30, 1950 (1983).
41R. Stiening, ibid. 1976.
42H. H. Umstatter, ibid. NS-20, 723 (1973).
43A. M. Sessler, ibid. NS-30, 3145 (1983).

Translated by S. Chomet

69 Sov. Phys. Usp. 28 (1), January 1985 Yu. M. Ado 69


