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Preface

The history of particle accelerators has not yet been compiled. Most
of the literature on the subject is published in research journals or in
laboratory reports, available only to a restricted group of readers. A few
monographs have been published on selected subjects; a few journal
issues have deseribed individual machines; and several review volumes
have included survey chapters on accelerators. But there are no books
published in which the scientist, the engineer, or the student can find
complete and general descriptions of the physical principles of all types
of accelerators.

A comparative, critical analysis of the several accelerators can show
the relative advantages and disadvantages for the different energy
ranges. It will illustrate the way in which the different machines sup-
plement each other as tools for the study of the broad range of phenomena
in nuclear physics and high-energy particle physies. It can demonstrate
one of the most significant features in accelerator development, the eross-
fertilization between science and engineering which leads to the transfer
of ideas and techniques between experts working on different parts of
the problem or on different types of accelerators.

The need for such a critical study and compilation is clear. Many
a student wants to know more about basic principles to guide his further
studies; nuclear physicists must understand accelerators to evaluate
experimental evidence; scientists or engineers in the field of atomic
energy are curious about the machines which are the sources of nuclear
data; and directors of laboratories need to appreciate the relative merits
of the several machines as a basis for plans or decisions.

The layman gets his information about accelerators largely from news-
papers or illustrated magazine articles. Newspapers have done much
toward popularizing the field, but very little toward informing the public
on basic principles. In the eyes of the press the “atom smasher” is a

mysterious symbol of science. The layman has been led to think of atom
v
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smashers as huge, complicated “Rube Goldberg” machines, built by
prodigies with long beards for futile or slightly dangerous purposes. Yet
many laymen are intrigued by their mechanisms and show much interest
in qualitative descriptions. This is because most accelerators are simple
in their basic principles, and a technically trained person finds that he
can grasp these principles easily. Accelerators are no more complex
than other machines which are commonly understood and aceepted, such
as the modern automobile or the synchronous motor; they are no more
huge than many of the accepted devices of our civilization, such as the
diesel locomotive or the multimotored aircraft. Their complexity
depends on the detail with which they are studied. Basic principles of all
aceelerators are understandable in relatively simple concepts available
to any technically trained person, and analogues can be found to extrap-
olate thinking to the more complicated principles.

A dozen authors would be required to deseribe expertly all the machines
and techniques in the accelerator field. However, a compendium by
many authors suffers from differences in content and style and cannof
show the pattern of growth and development in the field. The authors
of this volume recognize their limitations and have made every effort
to supplement their personal experience by study of references and dis-
cussions with other experts, It is possible that some significant publica-
tions have been missed, unintentionally. This is an unfortunate conse-
quence of the breadth of this rapidly developing field, lying as it does on
the borderline between physies and engineering. A great deal of the
material in this book is based on the authors’ personal experiences in
the accelerator field, covering the eyclotron, betatron, electron synchro-
tron, proton synchrotron, linear accelerator, and alternating-gradient
synchrotrons. Much of the information has been aequired through
private discussions, ranging over the whole field of accelerators. The
authors wish to acknowledge their debt to the following for their generous
and helpful eriticisms and valuable advice: Mrs. M. Hildred Blewett, Prof.
Sanborn Brown, Dr. F. T. Cole, Prof. E. L. Ginzton, Prof. D. W. Kerst,
Dr. S. J. Lindenbaum, Prof. B. J. Malenka, Prof. J. C. Trump, Prof.
Lloyd Smith, Prof. C. M. Van Atta, and Prof. Richard Wilson.

The organization of the material is primarily in terms of individual
accelerators. Each type has been treated in a separate chapter essen-
tially complete in itself. The emphasis is on the physical principles of
operation, particle orbits and their controlling fields, and the design
principles of the basic components. No attempt is made at complete
coverage, but certain installations are chosen as typical and are deseribed
in some detail to demonstrate a particularly effective and well-coordi-
nated system. Certain components such as ion sources, magnets, and
shielding, which are common to many accelerators, are discussed in
separate chapters. It has been the urge of the authors to show the
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similarities in principle of the several machines, especially in the way they
depend on the basic equations of motion of particles in electric and mag-
netie fields. To emphasize the similarities and to minimize repetition,
the mathematical analysis of particle motion as applied to most accel-
erators is presented with a consistent nomenclature in separate chapters
where the common features of acceleration, focusing, and stability are
derived from the equations of motion.

The meticulous reader will note some inconsistencies in the use of
symbols and units. The authors feel it is wiser in some instances to
retain traditional and accepted symbols than to forece a new symbolic
terminology. Some of the fields discussed in the separate chapters have
developed almost independently, and the same symbols have been used
for different parameters in these fields. In some instances the symbols
used in this volume have two or more definitions; these definitions are
listed in the Table of Symbols. Similarly, several different systems
of units have become customary in different fields. The authors prefer
to use mks units wherever possible, primarily because of the major
simplifications in the fields of electricity and electrical engineering which
result. However, most scientists still use egs units in many areas of
scientific research and the data are frequently reported in these units;
also, the mechanical engineering profession in the United States is wedded
to the English system of units (inches, pounds, ete.). For consistency
with the published data, the authors have chosen to use these alternate
systems of units, with suitable conversion factors to the mks system where
needed for clarity.

Accelerators are undergoing continuous development, and some of the
material published here must necessarily be out of date. It is hoped
that the basic prineiples presented and the general conclusions derived
are now scientifically established, although it is expected that later work
will extend the phenomena and improve on techniques and design.

M. Stanley Livingston
John P. Blewett
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Introduction

1-1. THE ROLE OF ACCELERATORS IN NUCLEAR SCIENCE

Particle accelerators have undergone a tremendously rapid develop-
ment during the past 30 years. In few fields of science has progress been
so spectacular. During this relatively short time, particle energies
available for research have increased from a few hundred kilovolts to
many billions of volts. Research in nuclear physics and on the proper-
ties of fundamental particles owes much of its progress to the continu-
ously increasing energy achieved by a series of electronuclear machines,
each larger and more effective than its predecessor. Also, much of the
public awareness and support of the field of nuclear physies rests on
popular interest in these gigantic atom smashers.

The purpose of this book is to present a description of the several
particle accelerators. Fundamental principles will be discussed, and as
much of the theoretical analysis of particle motion will be developed as is
necessary to understand the operation of these principles in focusing and
accelerating particle beams. The historical development will be out-
lined for each accelerator, and original contributions credited as fairly as
possible. The over-all purpose is to show by comparison of their relative
advantages and characteristics how the various accelerators supplement
each other as tools for the study of nuclear physics and high-energy
particle physies.

The record of accelerators in research is impressive. The complexity of
nuclear processes has been demonstrated by hundreds of different reac-
tions coming from artificial disintegration of nuclei by protons, deuterons,

neutrons, alpha particles, gamma rays, and electrons, and by several
1
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heavy ions. Induced radioactivities produced in targets bombarded by
lon beams have been studied in detail to measure the lifetimes and
analyze the decay schemes. New modes of disintegration and new com-
plexities in the properties of nuclei have been discovered. Precise meas-
urements of reaction thresholds and studies of the emergent radiations
have led to an ever-increasing knowledge of atomic mass values and
nuclear energy levels.

Radioactive elements have been used as tracers in many fields of scien-
tific research: physics, chemistry, biology, medicine, metallurgy, and
agriculture, to mention a few. A start has been made in the application
of the radiations to medical therapy, notably for hyperthyroidism and
leukemia. Neutrons from the cyclotron have been used in many fields of
research, including cancer therapy. The properties of neutrons have
been widely explored, and high-energy neutrons have themselves been
utilized for disintegration. More recently the synchroaccelerators have
succeeded in producing mesons, previously available only in cosmic rays,
and studies of meson production and interactions are leading to important
new knowledge about the fundamental nuclear force. New particles
have been discovered, such as the neutral meson, the negative proton,
and the antineutron, and it is clear that still more new knowledge is
awaiting discovery. The record shows that particle accelerators have
been most productive tools in exploring the nucleus of the atom.

Accelerators have found a permanent place in the science laboratories
of the world. Every modern nuclear research laboratory must have some
form of accelerator capable of disintegrating nuclei and producing induced
activities; most of the larger laboratories have several machines to cover
a wider range of phenomena. Direct-voltage accelerators, such as the
electrostatic generator, are most useful in precise studies at low energy,
such as the measurement of reaction thresholds or nuclear energy levels.
The cyclotron is more powerful and produces particles of higher energy;
it has been used as a high-intensity source of neutrons in the production
of induced activities and for the study of high-energy disintegration
processes. The betatron and electron linear accelerators produce high-
energy electrons, and the resulting X rays are uniquely adapted to the
study of photonuclear processes. Now the synchroaccelerators are
rapidly taking over from cosmic rays the field of high-energy particle
physics.

Each type of accelerator has made significant contributions. Because
of their different capabilities, they supplement each other in covering the
energy range needed for nuclear studies. Each accelerator fills a unique
role, and all of them are needed. For example, the Nuclear Science
Laboratory at the Massachusetts Institute of Technology has several
electrostatic generators, a cyclotron, a linear accelerator, and a synchro-
tron, and all are being used effectively for research.
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By 1940 much of the accumulated knowledge of nuclear physics had
come from research using particle accelerators. However, radium-beryl-
lium neutron sources were also in wide use and led in fact to the discovery
of fission in 1939. Immediately following the first announcement,
accelerators all over the world were applied to studies of this new phe-
nomenon and rapidly exploited the field. Shortly thereafter a voluntary
censorship was applied to reports of fission experiments in this country,
and work was channeled into secret laboratories where accelerators were
teamed with other scientific tools to produce the atomic pile and the
atomic bomb. The speed with which accelerators were put to work is
indicated by the transfer to Los Alamos of a working electrostatic gener-
ator from the University of Wisconsin and a cyclotron from Harvard
University; both of these machines were in operation a few weeks after
arrival at Los Alamos.

At the end of World War IT, when physicists returned to their labora-
tories, the enhanced status of nuclear physics was immediately evident.
The exciting and dangerous development of atomic energy, with its
tremendous implications for national security, stimulated strong popular
support for spending government funds on building still larger and
higher-energy accelerators. With such impetus the new synchroacceler-
ators were rapidly developed.

Atomic reactors are finding many uses in research laboratories, but
they have in no sense displaced accelerators for nuclear studies. The
very high neutron intensities available from large reactors have made
them the natural source of supply of induced radioactivities, which are
distributed to the scientific world through the Isotope Distribution
Division of the Atomic Energy Commission laboratory at Oak Ridge,
Tennessee, and similar laboratories in other countries. This has relieved
cyclotron laboratories of the tedious chore of production of long-lived
isotopes. However, the accelerator is still essential for the radioactivity
research laboratory. Positron emitters resulting from proton or alpha-
particle bombardment of targets in an accelerator cannot be produced by
neutrons. The very-short-lived neutron-induced activities cannot be
shipped from the reactor to a distant laboratory and are best produced
locally in an accelerator. Special research problems may require higher
specific activities than are available from a reactor, but which can be
obtained in the high concentration of neutrons in targets mounted
directly behind the particle target in a cyclotron.

1-2. PROGRESS IN ACCELERATOR DEVELOPMENT

When Rutherford demonstrated in 1919 that the nitrogen nucleus
could be disintegrated by the naturally occurring alpha particles from
radium and thorium, a new era was opened in physics. For the first time
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man was able to modify the structure of the atomic nucleus. The alpha
particles used had energies of 5 to 8 million electron volts (Mev), far in
excess of the energies available in the laboratory. During the 1920s
X-ray techniques were developed so machines could be built for 100 to
200 kev. Development to still higher voltages was limited by corona dis-
charge and insulation breakdown, and the multi-million-volt range
seemed out of reach.

Physicists recognized the need for artificial sources of accelerated
particles. In a speech before the Royal Society in 1927 Rutherford!
expressed his hope that accelerators of sufficient energy to disintegrate
nuclei could be built. Then in 1928 Gamow? and also Condon and
Gurney?® showed how wave mechanics could be used to describe the
penetration of nuclear potential barriers by charged particles and made it
seem probable that energies of 500 kev or less would be sufficient to observe
the disintegration of light nuclei. This more modest goal seemed feasible.
Experimentation started around 1929 in several laboratories to develop
the necessary accelerating devices. Detalls of this race for higher volt-
ages are given in the chapters to follow. Urged on by Rutherford, the
first to succeed were Cockeroft and Walton* in the Cavendish laboratory
at Cambridge. They reported the successful disintegration of lithium by
protons of about 400 kev energy in 1932. The date of this first artificial
transmutation can be taken as the starting point in accelerator history.

Four successive waves of development have swept the accelerator
field, characterized by four different concepts in the acceleration of
particles. The first stage was the application of direct-voltage tech-
niques in which the particles were accelerated through a single large
potential drop. The magnitude of the potential drop was increased to
its practical limit by using electrode terminals of large radius of curvature
and by improving insulation. Voltage breakdown of the accelerating tube
was minimized by subdividing the potential along the length of the column.

The second concept was the application of resonance acceleration, in
which the particles were constrained to pass and repass many times
through a low potential drop in resonance with an oscillating electric
field, until their final energy was many times greater than the maximum
potential difference in the apparatus. The chief examples of resonance
accelerators are the cyclotron and the early linear accelerators.

The third stage was the application of the principle of phase-stable
acceleration to resonance accelerators, from which developed the family
of synchroaccelerators. Here, with an exact knowledge of the forces
producing stable orbits, it has been possible to keep particles in resonance
for an indefinitely large number of accelerations to attain ultimate
energies up to 10 billion electron volts (Bev).*

* The symbol “Gev’’ is used in England and in most European countries to represent
1000 Mev, rather than the symbol “‘Bev’’ used in the United States.
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The fourth stage is in its preliminary phase of development. This is
the new category of superenergy accelerators utilizing the alternating-
gradient (AG) principle of magnetic focusing, which reduces the size and
cost of magnets for circular machines so that a much higher energy range
becomes economically feasible. In 1959 an AG proton synchrotron which
produces 28-Bev protons was completed at the CERN laboratory in
Geneva; a similar machine which produces protons of 33 Bev energy was
completed in 1960 at Brookhaven National Laboratory.

Progress of accelerator development can be followed in more detail by
noting the dates at which new machines entered the race, or at which
they made new voltage records. The Cockeroft-Walton voltage multi-
plier was soon able to operate up to 750 kv. Later a 1.25-Myv installation
was built by the Philips Company (Eindhoven) for the Cavendish
laboratory, following the same design principles. This has proved to be
about the practical limit for the voltage-multiplier type of accelerator
when operated at atmospheric pressure.

Meanwhile, the magnetic resonance accelerator now known as the
cyclotron was under development by Lawrence and Livingston at the
University of California. Following a proposal by Lawrence, the prin-
ciple of resonance acceleration was proved by Livingston in 1931 in a
laboratory model experiment. The first practical cyclotron produced
protons of 1.2 Mev in 1932. These were immediately put to use for
nuclear studies. Deuterons of 5 Mev were obtained in a larger machine
(the “27-inch”’) in 1934. Other laboratories joined in the development;
10 Mev was attained by 1936 and 20 Mev by 1940. However, the
energy range of 20 to 25 Mev has proved to be a practical limit for the
fixed-frequency cyclotron.

The betatron went through a similar development, starting with the
first small model in 1940, with which Kerst produced 2.3-Mev electrons.
A rapid development at the General Electric Research Laboratory pro-
duced 20 Mev by 1942 and 100 Mev by 1945. Kerst’s 300-Mev betatron
at the University of Illinois is the largest, and it will probably be the last
of the big betatrons; before it was completed, the synchrotron came on
the scene with a more efficient principle of acceleration.

Each new instrument has had a similar history; some of them have
approached the practical ceilings even more rapidly. And just as one
type of accelerator was approaching its upper limit, a new invention
arrived to maintain the steady increase in energy. The cyclotron, beta-
tron, synchrocyclotron, electron synchrotron, and proton synchrotron
have each held the voltage record temporarily and have raised the energy
scale still higher. Finally in 1952 the principle of AG focusing was pub-
lished, allowing the latest extension of the energy scale.

This development of accelerators to higher and higher energy is illus-
trated graphically in Fig. 1-1. In this graph the energies achieved with
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Fig. 1-1. Energies achieved by accelerators from 1930 to 1960. The linear envelope
of the individual curves shows an average tenfold increase in energy every six
years.

the several accelerators are plotted against the date of publication of the
first announcement (which may lag many months behind the actual date of
operation). When energy is plotted on a logarithmic scale, the envelope
of the points is remarkably close to a straight line, indicating an increase
in energy by a factor of 10 every six years. The progress of the individual
machines in reaching their respective ceilings is indicated by the labeled
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curves below the linear envelope. The exponential increase of energy
indicated by this record is impressive. The plot also serves a useful
purpose in orienting the various accelerators on the energy scale. An
extrapolation beyond the highest points on the curve is intriguing. It is
interesting to note that the principle of strong focusing (see Chap. 15)
has offered a new opportunity of extending the energy range of acceler-
ators and has come close to fulfilling the extrapolation.

1-3. COLLABORATION BETWEEN PHYSICS AND ENGINEERING

The development of accelerators has paralleled and sometimes paced
progress in the electronies industry and in several branches of electrical
and mechanical engineering. In few scientific developments has there
been such effective and happy collaboration with the engineering pro-
fession as in the accelerator field. These machines were conceived by
physicists who saw the need for high-energy particles in research, and the
physical principles are based on fundamental scientific laws. However,
the physicist who continued in the field ultimately metamorphosed into a
practical engineer in order to produce a reliable, working machine. Of
necessity he became accomplished in wide areas of electrical and mechan-
ical engineering and utilized fully the advice and services of professionally
trained engineers. On the other hand, many men trained in engineering
have found in the accelerator field a challenge and opportunity to apply
their training to new problems, frequently more exciting than the prob-
lems available in engineering practice. So the design staff of the modern
accelerator laboratory is composed in almost equal numbers of experi-
mental physicists and professionally trained engineers.

The first ion accelerators were simple applications of direct high voltage
to evacuated discharge tubes. Nuclear physicists leaned on experience
in the X-ray industry, and as the accelerator art progressed, it stimulated
further development of higher-energy X-ray machines. Focusing
requirements forced intensive studies and improvements in the field of
ion and electron optics. Some of the developments have since been
applied in the electronics industry. New techniques for the production
of X rays, such as the resonance transformer, were stimulated by acceler-
ator developments. The electrostatic generator has found almost equal
application to positive-ion acceleration for nuclear physics and to electron
acceleration for the production of X rays for medical therapy and radiog-
raphy. The betatron has also found an important application as a
source of very-high-energy X rays.

Magnetic accelerators, of which the cyclotron was the first, employed
high-frequency electric fields for acceleration and drew heavily on experi-
ence in short-wave radio transmission at the start. It is significant that
many of the early cyclotronists and their technician helpers were “ham’”
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radio operators. However, as numbers and experience grew, cyclo-
tronists were able to make important contributions to the radio and radar
fields. For example, the original roster of the Massachusetts Institute of
Technology Radiation Laboratory, which developed microwave radar for
the military services during World War II, consisted largely of nuclear
physicists many of whom were cyclotronists. Cyclotron experience in
magnetics and in high-frequency electronics was of real value in the early
days of radar in such areas as the development of the magnetron.

We can follow this cross-linkage between accelerators and electronics
still further. At the end of the war the accumulated experience in the
electronics of high frequencies and pulsed circuits coming from the radar
field fed back new techniques and concepts into accelerator design. The
modern linear accelerator would have been impossible to conceive or build
before the radar field reached its present high stage of development. The
synchroaccelerators with their pulsed operation are also dependent on
radar techniques. But it should be noted that the modern high-powered
klystron tube with all its radar applications was originally developed in
the Stanford accelerator laboratory. Modern accelerators are progress-
ing further in adapting and utilizing the more sophisticated implications
in the equations of motion and have already shown that they can offer
new techniques and concepts to the engineering field. The principle of
AG focusing appears to have a variety of applications, to traveling-wave
vacuum tubes and to ion and electron optics.

Vacuum engineering is another technical field in which accelerator
development contributed directly to engineering advances. The first
all-metal vacuum systems were developed for accelerators such as the
cyclotron, and techniques for making tight seals and high-speed pumps
grew with the increasing size and energy of accelerators. The early
metal pumps produced by commercial firms were based largely on this
experience. As the field of vacuum engineering grew to meet the needs
in vacuum distillation and isotope-separation problems, metal pumps
were developed to still larger sizes. The well-known Westinghouse
“30-in.” fractionating oil-diffusion pump was developed for the isotope-
separation plant at Oak Ridge. Even larger sizes with higher pumping
speeds have since become available. These pumps have been applied
directly to the recent synchroaccelerators and are a satisfactory answer
to the vacuum-pump problems in these large metal-chamber machines.
The most recent contribution to vacuum engineering from accelerator
laboratories is the titanium-vapor pump, now in commercial production.

This healthy interchange of ideas and experience between accelerator
scientists and practical engineers has been one of the most important
factors leading to the rapid development in this field. Once the physical
phenomena have been analyzed and understood, the remaining problems
in accelerators are primarily those of engineering development. Ulti-
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mately, as in any new application of basic principles, the engineer takes
over to perfect techniques and produce a reliable product. Many of the
machines conceived and designed by scientists are now ready for this
detailed application of engineering, and some, such as the electrostatic
generator, the cyclotron, the betatron, and the linear accelerator, are
already being built by commercial engineering firms. In the construe-
tion of the new supervoltage accelerators the engineering profession is also
making major contributions. The variety and scope of the engineering
problems involved in the accelerator field will become evident in the
chapters to follow.

1-4. THE MODERN RESEARCH LABORATORY

The modern research laboratory is far different from the “Ivory tower”
of the traditional individual scientist who pored over his books and
retorts for years before announcing precedent-making discoveries.
Neither does progress in scientific research depend solely on the inven-
tions or flashes of genius of a few outstanding wizards, as conceived by
many of the lay public. Rather, the modern laboratory is an organized
cooperative team of specialists, each supreme in his own field but depend-
ing on others to supplement him in the attack on the complicated prob-
lem. Usually one or more senior scientists of wide experience and ability
act as advisers and critics for the younger members and coordinate their
efforts.

In no field are these characteristics more evident than in the modern
accelerator laboratory. Here physicists with the insight to appreciate
the new knowledge available from experiments with high-energy particles
and the urge to create the necessary instruments are teamed with engi-
neers who take pride and delight in invention of the unique devices, with
theoretical scientists eagerly grasping the new experimental evidence to
expand our knowledge of fundamentals, with young students just begin-
ning to see the significance of their training and trying their wings on
their first flights into the unknown, and with a group of loyal technical
helpers each interested in doing his best for the project but only vaguely
seeing the whole outline. Such a team constitutes the modern research
laboratory, and each member plays a part. The morale and spirit of
the team is of great importance, and much depends on the personality of
the leaders to stimulate and maintain the proper spirit.

The thrill of discovery is the reward of exploration. The exploration
of the unknown in science is just as rewarding as the discovery of a new
river or mountain range, and nowhere in the field of science are the
rewards more dramatic than in the accelerator field. The pleasure and
excitement of the working crew when a new accelerator is first tuned in
to set a new voltage record is something to be remembered for a lifetime.
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The senior author (MSL) well remembers the sparkling eyes and dramatic
gestures of his professor and supervisor, the late Ernest O. Lawrence,
when the small eyclotron at the University of California produced 1-Mev
protons for the first time in scientific history. An equal thrill comes to
the experimentalist when, for example, a new ion source produces a beam
current of ions greater than had been previously achicved. But even
greater is the thrill of a significant scientific discovery or the observation
of a new physical phenomenon. An equally dramatic moment at the
University of California was the first observation of artificially induced
radioactivity using 3-Mev deuterons. It is easy to understand why
young scientists have been willing to labor for years to build and tune up
a big accelerator in order to participate in these thrills of discovery when
it is completed and brought into operation.

Wholehearted cooperation is essential for the members of a laboratory
team if an instrument as complicated as the modern accelerator is to run
smoothly. FEach man has his special skill and is depended on to keep his
component in good condition. The experienced operator, who knows
just how to manipulate the controls to get the maximum beam intensity,
comes to have a pride in his machine that admits no criticism. Pride in
the machine and mutual respect for the other members of the group
bring a team spirit frequently reminiscent of school days, and to a sig-
nificant extent this team spirit improves the effectiveness and output of
the laboratory.

A real insight into the spirit of such a laboratory is revealed by the
spontaneous humor and intralaboratory jokes. A few samples have
come into public view, notably the songs composed by Arthur Roberts.
Some of these songs have been recorded for the phonograph, and the
lyrics and scores of a few have been published.?

Large accelerators need large laboratories as well as large financial
support. It is a paradox of science that the study of the smallest par-
ticles in nature requires the use of the largest and most expensive instru-
ments. In the early days particle accelerators were built on a shoestring
in academic laboratories, using or modifying old laboratory apparatus
and depending on students for the labor of construction. There was a
time when designers took pride in the low cost of their accelerators, but
as the scientific results justified expansion to higher energies, the chief
scientists or laboratory directors had to locate larger sources of funds.
A new qualification became important in science—the ability to raise
money. Some of the more colorful personalities in the nuclear field owe
their reputations as much to their promotional and organizational abil-
ities as to their scientific contributions.

In recent years financing has come increasingly from government
sources, primarily the Office of Naval Research and the Atomic Energy
Commission in the United States. Most of the large accelerators built in
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this country since World War II have been financed by governmental
grants-in-aid. Perhaps only in a government laboratory, or one sup-
ported by government funds, is it possible to undertake a development
such as the cosmotron or the bevatron which costs many millions of
dollars.

Costs increase with size of machines and with energy, as would be
expected. Some machines are more efficient as power transformers than
others, but power is not so important for research as the equivalent beam
energy. The cost per unit of beam energy has actually decreased with
the increasing energy of accelerators. On this basis, a dry cell costs
about 50 cents per volt; the electrostatic generator produces ions of a few
Mev energy at a cost of roughly 5 cents per volt. With the cyclotron,
the cost at 15 Mev is below 1 cent a volt, and with the largest synchro-
accelerators the cost approaches 0.1 cent per volt. It is well to recognize
this steady improvement in cost efficiency when considering the magni-
tude of the investments in the larger accelerators.

1-5. REFERENCES AND BIBLIOGRAPHIES

Exchange of information between accelerator laboratories has done
much to speed the rate of development. In addition to the formal pub-
lications of designs and results, many of the more detailed techniques
have been written up in the form of reports circulated to other labora-
tories. This practice has been expanded considerably in recent years by
the requirement of periodic progress reports to the sponsoring govern-
mental agencies. The chief criticisms of this technique of reporting
results are that the circulation of such reports is far too limited and that
it tends to decrease the detail in regular publications. Only the larger
laboratories in this country and a few foreign laboratories, for example,
are supplied with copies of the progress reports handled by the Office of
Naval Research or the Atomic Energy Commission.

Personal visits still remain the most effective means of acquiring
information on recent developments. The practice is widespread among
accelerator designers. Through such visits and occasional discussions
at Physical Society meetings, news of developments travels rapidly across
the country. Unfortunately this avenue of communication is limited to a
relative few in the field, and others must depend on rumors or second-
hand information. The accelerator field is still in many respects an art,
and its practitioners are often unable to describe their techniques ade-
quately in writing.

In the chapters to follow, references will be made to many publications
and laboratory reports, listed at the end of each chapter. A serious
attempt has been made to identify and credit the originator of each
Important new concept or technique. References are given, where
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known to the authors, in justification of most of the arguable statements
and conclusions. Specific references are made to papers summarizing
the technical features or performance of individual accelerators which
can be taken as typical of the species.

No attempt has been made to cover all publications in the accelerator
field. This very valuable chore has been performed by others, resulting
in a series of bibliographies which list and index essentially every sig-
nificant publication. The first compilation was a Brookhaven National
Laboratory report® published July 1, 1948. It was followed by Uni-
versity of California Radiation Laboratory reports in 1951,7 1952,%
1954,° and 1958.1° In each case the new bibliography started from the
date of the previous report and included only the new publications in the
interim; so the entire series of bibliographies is needed to obtain a
complete listing. The total number of publications listed is over
1500.

Others have listed the locations of high-energy installations in the
United States and abroad, with dimensions, particle energies, and other
parameters. The first listing was in the BNL report ;¢ the most detailed
listing is in the latest UCRL report,'® which is reproduced in the ‘“Ameri-
can Institute of Physics Handbook,”!* 1957. The most recent compila-
tion is an Oak Ridge laboratory report.'? The total number of accelerators
in this latest (but not up-to-date) listing is 525 throughout the world.
Of these, about half are in the United States and half abroad; also about
half are relatively low-voltage dc generators, and the others are resonance
and synchronous accelerators.

We go now into a discussion of the early days of accelerator develop-
ment to trace the evolution of the modern accelerator from the crude
electric machines at the turn of the century to the present highly efficient
sources of beams of accelerated particles. As we follow the story, we
shall see how invention followed invention so rapidly at times that it was
difficult to keep informed about the latest energy record. Each of the
modern accelerators will be treated in a separate chapter in approximate
order of development, which is also the approximate order of particle
energy. The relationships between the several accelerators will become
apparent, as will the way in which they supplement each other to cover
the wide range of energies and phenomena in nuclear physics. The
equations of motion of particles in electric and magnetic fields will be
developed and applied to each machine. The principles of energy gener-
ation and particle acceleration will be described. Basic components will
be identified and described in detail, and a few components will be dis-
cussed more thoroughly in separate chapters. So the story starts with
the low-voltage generators of the early 1930s, the first of the series of
particle accelerators.
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Low-voltage Generators

Particle accelerators of less than 1 million volts (My) have filled an
important role in nuclear physics. In the early days they were the first
in the field, and many significant discoveries were made at energies well
below 1 Mev. Although higher-energy machines have now taken the
spotlight, their more modest brothers are still turning out data of major
importance. Some laboratories cannot afford the larger and more
expensive machines, but scientists in such laboratories have nevertheless
found the low-energy range a fruitful field for research. Many of the
more interesting nuclear phenomena oceur at relatively low excitation
energy; to study them it is frequently better to use low bombarding
energy so they are not concealed by competing reactions or by high back-
ground intensities.

Many different types of voltage generators have been applied to dis-
charge tubes in this voltage range. Those that have been successful are
the ones that produce steady direct voltage: the voltage multiplier, the
transformer-rectifier, and the belt-charged electrostatic generator,
14
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Others, such as the surge generator, the cascade transformer, and the
Tesla coil, have been unsatisfactory largely because the voltage could not
be controlled to sufficient accuracy. However, some of those which
were unsatisfactory as positive-ion generators have been used successfully
for high-voltage X rays where the requirements for voltage stability are
not so severe. The different potential supplies will be described and their
limitations discussed in turn; the parallel development of accelerating
tubes will also be presented in this and the following chapters.

2-1. ELECTROSTATIC GENERATORS

Electrostatic generators may be considered in two general categories:
the influence or induction machines and the separation-of-charge type.
Influence generators of the Toepler-Holtz or Wimshurst types can be
found in nearly every physical laboratory and are widely used in class-
room demonstrations of static electricity. References dated 1870 to 1890
can be found in numerous texts. More recently, Simon'! has developed
the theory of operation of the induction generator; the theory of the
Wimshurst machine is quite complicated, involving induction between
eight sets of carriers on each of the counterrotating disks and using neu-
tralizing brushes set at definite angles. ‘“Leyden jar” capacitors are
traditionally used to store the charge and smooth out potential fluctua-
tions. A demonstration machine with 16- to 18-in. disks can develop
100 kv and can deliver currents of several milliamperes. Motor-driven
units have been used occasionally as potential sources for X-ray tubes.

In the early days of accelerator development (1935), Dahl]? (then at the
Carnegie Institution of Washington) investigated the possibility of using a
Holtz-type generator for nuclear studies. He built a double 24-in.-disk
machine which developed up to 200 kv with a current capacity of 10 ma
and concluded that it was practicable to use such a source in a higher-
voltage installation. He suggested mounting several such machines on
insulated platforms and connecting them in series for higher potentials.
However, this potential source was not so steady as the belt-type gener-
ator and was abandoned. Still more recently (1951) Malpica® in Mexico
City has described a rotating-disk friction generator for 300 kv intended
for the acceleration of particles.

Before World War II the Wimshurst machines had been relegated to
the category of museum pieces or, at best, classroom demonstrators.
More recently, however, the techniques have been modernized and the

device has been reduced to a practical de power supply by a French com-
pany (SAMES of Grenoble). The SAMES generators are dielectric

At the head of the facing page is an illustration of the Cavendish laboratory generator
for 700 kev. (Courtesy of Sir John Cockcroft.)
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cylinders rotating in a hydrogen atmosphere. These compact, reliable
machines are finding application in many European laboratories, wherever
power supplies are required for de¢ currents up to a few milliamperes at
voltages between 50 kv and 1 Myv.

Electrostatic generators which depend on separation of charge also
have a long history in static electricity. In the early machines, positive
and negative charges were separated by friction and then transported
mechanically to charge a capacitor, which was often a metal sphere of
large radius. Lord Kelvin is reputed to be the originator of the “charged
water drop”’ generator; water drops electrified by friction on issuing from
a nozzle fell into an insulated metal container which became charged to
high potential. Others experimented on modifications of this method of
conveying charge to an insulated terminal, including falling charged
metal spheres. In about 1890, Righi improved the method by using a
belt formed of alternate links of insulating and conducting material to
carry charge to a hollow spherical terminal. Then for many years there
was no activity in this field. A more recent revival was the development
in the SAMES laboratory in France of an electrostatic generator which
used air blasts of electrified dust to transfer the charge.

R. J. Van de Graaff* started the modern development of the belt-
charged electrostatic generator in 1930. Charges sprayed from corona
points onto a moving silk belt were transported to charge a 2-ft-diam
aluminum sphere mounted on a glass rod. The immediate success of the
belt-charged machine showed it to be superior to all other forms of static
generators. It has become so important a tool in nuclear physics that
it deserves detailed treatment and is therefore described and discussed
fully in Chap. 3.

2-2. TESLA COIL

The Tesla coil utilizes electromagnetic induction to generate oscillatory
pulses of high potential. In its usual form two resonant oscillatory cir-
cuits are coupled magnetically; the primary circuit has large capacitance
and low inductance, while the secondary has a small distributed capaci-
tance and large inductance owing to its being wound of many turns of
fine wire. Figure 2-1 illustrates the traditional circuit for a spark-excited
Tesla coil of the double-ended type. The capacitor in the primary circuit
is charged to sufficiently high potential to cause breakdown of a spark
gap in series with the primary windings, which produces an oscillatory
discharge at the frequency determined by the inductance and capaci-
tance in the circuit. The oscillatory current of high frequency in the
primary coil induces bursts of high-potential oscillations in the coupled
secondary, which are repeated at the sparking frequency. Voltage
amplitude is a maximum when the two circuits are tuned to resonance.
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This device was one of the first to be investigated in the search for a
potential source for particle acceleration. A research team at the Depart-
ment of Terrestrial Magnetism of the Carnegie Institution of Washington,
consisting of Breit, Tuve, Hafstad, and Dahl, were among the first to
attempt this application. They

Prim
reported their results in a series of m ”m“ ‘ary
publications®~? in 1930 covering the l

o . . . d
Tesla coil, its voltage calibration, Secondary
an.d the d1§charge tubes for 'accele.r- Spark gap
ating particles. They used an oil-
insulated secondary coil closely R

wound on a glass tube ending in

spherical electrodes with a resonant dc potential
frequency of 100 ke/sec, and re- source
ported peak potentials of 3 Mv at 1
atm oil pressure and 5 Mv when the
oil was under high pressure. Their voltage calibrations, based on sphere-
gap measurements, are now believed to be in serious error. The poten-
tials attained were probably considerably lower than the values reported.

The most significant result of the early Carnegie experiments was not
the voltage source but the development of the accelerating tubes. The
first attempt, using long, evacuated glass tubes with an electrode at each
end, showed a limiting voltage for breakdown at about 300 kv. The
next step was to divide the potential between multiple electrodes, follow-
ing the concept of the Coolidge “cascade” type of X-ray tube. This
type of tube had been perfected for the acceleration of electrons in high-
voltage X-ray installations, primarily at the General Electric Company.
It used a column of tubular electrodes in line, with relatively short gaps
between the rounded ends of the electrodes. Electrons were accelerated
in a sequence or cascade of several potential drops uniformly spaced
along the length of the tube. This distributed the potential drop along
the accelerating tube and prevented high local field concentrations; also
the tubular electrodes shielded the insulating walls and prevented charg-
ing of the walls by stray electrons from the beam. Figure 2-2a is a
sketch of a two-stage Coolidge-type X-ray tube. In the Carnegie
laboratory the early designs used many glass bulb sections sealed together
in line with concentric cylindrical electrodes supported at the seals; tubes
of 15 or more sections were developed. Figure 2-2b illustrates one of the
early Carnegie tubes.

The accelerating tubes were immersed in an oil bath with the Tesla
coil. Breakdown potentials of up to 1.9 Mv were reported, but were
probably overestimated in view of later corrections to the spark-gap
voltage calibrations. In any case, the oscillatory character of the poten-
tial obtained from the Tesla coil made it unsuitable for particle accelera-

Fig. 2-1. Circuit diagram for a double-
ended Tesla coil.
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tion. The Carnegie group abandoned it in about 1932 in favor of the
belt-charged electrostatic generator developed by Van de Graaff. But
they were able to utilize the accelerating tubes, which have proved to be
forerunners of the modern tubes.

Modifications of the Tesla coil have taken several forms. In 1933
D. H. Sloan'® at the University of California developed a continuous-
wave radiofrequency type called the ‘“resonance transformer” (Fig. 2-3).
The secondary coil was made of heavy, internally cooled copper tubing
of 10 to 15 turns, supported from one end in a vacuum chamber for voltage
insulation, resonant at frequencies of about 6 megacycles/sec. The
primary was a one-turn coil coupling with the secondary at the grounded
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Fig. 2-2. (a) Coolidge cascade X-ray tube. (b) Carnegie Institute multisection
accelerating tube. :

end and driven by a vacuum-tube oscillator circuit at the resonant
frequency.

The resonance transformer has been used successfully for production
of X rays; a thermionic cathode in the side of the vacuum chamber pro-
vides electrons which are accelerated toward and strike a gold-surfaced
target on the high-voltage end of the coil. An installation of this type
was built in 1933 at the University of California Hospital in San Francisco
by Livingston and Chaffee following Sloan’s designs; it has given many
years of service for X-ray therapy at voltages up to 1.25 Mv.

-An experimental unit at the physics laboratories -of the University of
California, developed by Sloan and J. J. Livingood, h_ad -a hot cathode in
place of the target on the end of the coil and a thin-foil -windew in-the
side of the vacuum chamber through which a beam: of 1-Mev electrons
emerged. Sloan had hoped to use the resonance transformer for produec-
ing positive ions of twice the nominal energy by providing two accelera-
tions. In this arrangement ions would be injected from a source at
ground potential on the chamber wall and those of proper phase would
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be accelerated toward and enter a hollow cylindrical tube supported on
the end of the resonant coil; ions which traversed the tube in one half-
period of the oscillation would emerge when the tube had a reversed
polarity and would be accelerated toward the opposite chamber wall,
where they could be used for experiments. This principle of energy-
doubling is a modification of the resonance principle used in the linear
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Fig. 2-3. Radiofrequency resonance transformer for 1-Mv X rays, University of
California Hospital in San Francisco.!®

accelerator. However, many technical difficulties were encountered, and
this device was not sufficiently attractive to compete with the cyclotron
or other positive-ion accelerators.

Another modification of the induction coil is the low-frequency reso-
nance transformer developed before 1934 by Charlton, Westendorp,
Dempster, and Hotaling!! at the General Electric Company Figure 2-4
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1s a schematic diagram of the apparatus. In this instrument the second-
ary coil was made of very many turns of fine wire, wound in compact coils.
It had a laminated iron"core and was resonant at 180 cps. The coil was
mounted in a housing containing gas at high pressure for insulation. The
primary coil was made to resonate at the same frequency by using a large
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Fig. 2-4. 180-cycle resonance transformer for 1-Mv X rays, General Electric Com-
pany.!t

capacitor and was supplied by a frequency-tripling circuit from a 60-cycle
power supply. An evacuated accelerating tube installed along the axis
of the coil was used to accelerate electrons. The cathode was heated by
current from a low-voltage secondary winding at the high-potential end
of the main coil, and the target was at the grounded end. This machine
has been produced commercially as an X-ray generator operating at
1 Mv and 3 ma electron current.
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2-3. SURGE GENERATOR

The “Marx” circuit has been widely used by electrical engineers to
produce surges of high voltage for testing electric equipment. A stack
of capacitors is charged in parallel from a dc potential supply and then

—
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Fig. 2-5. Surge generator and discharge tube, Brasch and Lange.!3

discharged through cross-connected spark gaps (Fig. 2-5). The potential
difference developed momentarily across the stack of capacitors can be
extremely high and can cause sparks many feet long in air—miniature
lightning—but the duration of the voltage pulse is only of the order of a
few microseconds, and it is oscillatory in character. The highest- -energy
surge generator was built at the General Electric plant at Pittsfield,
Massachusetts, in about 1932; it was capable of producing voltage
surges of over 6 Mv.12

Surge generators have been used primarily to test the flashover and
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breakdown characteristics of insulators and electric equipment and have
seldom been used for the acceleration of particles. However, in 1930
Brasch and Lange!® in Germany developed a crude vacuum tube
made of alternate rings of metal and fiber tightly compressed between
end plates, to which they applied a 2.4-Myv voltage surge from a stack of
capacitors. The peak surge current was of the order of 1000 amp; the
discharge tube practically exploded on each surge and had to be cleaned
and reassembled frequently. A metal-foil window at the grounded end
of the tube allowed a beam of high-energy electrons and gas ions to
emerge into the air. The emergent beam has been described as having an
intensely brilliant blue color, brightest near the tube window but still
visible at a distance of over a meter. Presumably this discharge was
attended by some nuclear disintegration and also by considerable danger-
ous radiation; however, at that time the former was not suspected and
the latter was not appreciated. Figure 2-5 is a schematic drawing of
such a generator arranged to apply a surge to a discharge tube.

The surge generator has excited considerable enthusiasm as a demon-
stration of electric power. The tremendous sparks and the loud reports
are very impressive. However, the short-pulse character of the surge
and the irregular voltage obtained are not suitable for studies of acceler-
ated particles, and the surge generator has not been significantly useful in
nuclear research.

An interesting attempt to convert a surge generator into a steady
source of de potential difference was reported by W. C. Anderson'* in
1936. He used a number of capacitors connected permanently in series
and charged successively by motor-driven rotating brushes which were
supplied with a dc voltage. The capacitors were arranged around a
circular commutator, and the high series potential difference was devel-
oped between the final pair of unconnected capacitors. The model was
qualitatively successful in magnifying 110 volts to over 5000 volts, but
has not found further application.

At this point it may be of interest to mention an attempt to utilize the
high potentials developed in the atmosphere during electrical storms.
In 1932 Brasch and Lange!® stretched an insulated cable across a valley
between two peaks in the Alps; from this cable a conducting cable sup-
porting a terminal was suspended. During thunderstorms high poten-
tials would develop between this terminal and a grounded terminal on
the valley floor; sparks several hundred feet long were obtained. Plans
had been made to install a discharge tube for the acceleration of particles,
but experiments were abandoned when Lange was killed.

2-4. CASCADE TRANSFORMER

The requirements of high-voltage power transmission in the western
United States, where 220-kv lines at 50-cycle frequency were used for
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long-distance transmission, led to the establishment of a high-voltage
laboratory at the California Institute of Technology in the early 1920s,
sponsored by the Southern California Edison Company. In this labora-
tory Sorensen'® built the first cascade-transformer unit to reach 1 Mv
from line to ground. A schematic diagram is shown in Fig. 2-6. Three
250-kv 50-cycle Westinghouse transformers were arranged in series. In
addition to the usual low-voltage primary and high-voltage secondary
windings, a third ‘“‘exciter” winding at the high-potential end of the
secondary was used to supply the next transformer. The transformers
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Fig. 2-6. Cascade transformer and discharge tube for 0.75 My, California Institute of
Technology .15

were mounted on insulating platforms. The root-mean-square (rms)
ac potential of the terminal of the last transformer was 750 kv, and peak
voltage exceeded 1 Mv above ground. This installation was used for
many years for the study of high-voltage breakdown of insulators, corona
losses, and calibration of sphere-gap voltmeters.

After some years of service as a high-voltage test equipment for elec-
trical engineering, the cascade transformer was taken over by C. C.
Lauritsen about 1928 as a voltage source for the acceleration of particles.
X-ray tubes were developed first,'¢ operating at potentials up to 750 kv.
Crane and Lauritsen!” started with a simple type of X-ray tube built of a
single porcelain bushing. In 1934 Crane, Lauritsen, and Soltan!®
installed a single-step positive-ion accelerating tube which would operate
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at potentials up to 1 Mv and initiated a program of nuclear research,
using H+ and He** ions to produce neutrons from Li and Be targets.
Another tube, developed by Stephens and Lauritsen,!® was characterized
by having an extremely short path for the acceleration of ions. Positive-
ion optics were not yet understood in those days, and the beams obtained
had poor focal properties.

The ‘“Caltech’ nuclear research laboratory under Lauritsen has had a
long period of productivity and has trained a notable succession of
research students. Eventually the superior properties of the belt-
charged electrostatic generator as a steady dc potential source were
recognized, and the cascade transformer was replaced. However, the
transformer served an important purpose at the start and made possible
a great deal of valuable research.

2-5. TRANSFORMER-RECTIFIER

The X-ray unit, using a high-voltage transformer to produce alternat-
ing voltage for an X-ray tube which also acts as a rectifier, has been
developed to a high stage of perfection by many engineering laboratories.
Coolidge, at the General Electric Company, introduced the thermionic
cathode and perfected the high-voltage sealed-off X-ray tube. Others
have developed the necessary high-potential ac transformers. The
classically simple circuit of a transformer, a sealed-off X-ray tube with
a thermionic cathode, and a capacitor is shown in Fig. 2-7a. Years of
intensive engineering effort have failed to improve significantly on the
performance of this simple circuit.

For positive-ion acceleration it is necessary to insert a rectifier tube in
the circuit (see Fig. 2-7b) to maintain direct voltage across the accelerating
tube, since the gas evolved from the ion source becomes ionized and would
otherwise support a large electron current during the negative half-cycle.

In a strict sense the X-ray tube was the first particle accelerator,
although possibly the emergent cathode-ray beams obtained by Lenard
in 1894 also fit the modern definition. In 1926 Coolidge?® produced an
emergent beam of electrons at 350 kev from a sealed-off tube with a thin
metal-foil window. These electron beams were never used for nuclear
investigations and will not be considered further here.

However, after the early successes by Cockcroft and Walton and others
in producing nuclear disintegrations by positive ions of modest energy,
the simple transformer-rectifier voltage supply came into use as a posi-
tive-ion accelerator. The low-voltage accelerator has several definite
advantages. Neutrons coming from exoergic reactions, such as Li(p,n),
have a precisely determined minimum energy (1.89 Mev), and the lower
the bombarding energy, the better the uniformity of the neutrons. The
yield of neutrons from the D(d,n) reaction is large, and the energy
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depends on the angle of observation relative to the deuteron beam; a
precisely controlled, low bombarding energy makes this reaction unique
as a source of neutrons of known energy below 1 Mev. Several other
reactions have resonances for bombarding energies below 200 kev.
Many descriptions of low-voltage accelerators have been published.
As illustrations we shall cite three references. Zinn?'2? started in 1936
with an extremely low-potential supply (60 kv) and then extended it to
200 kv as a source of neutrons from the D(d,n) reaction. PBeam currents
of over 1 ma of deuterons were obtained. In 1937 Slack and Ehrke?3
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Fig. 2-7. Transformer-rectifier circuit producing high dc potential. (a) X-ray tube
acts as a self-rectifier. (b) Rectifier required for positive-ion acceleration.

described a similar 200-kv unit used as a neutron generator. A more
recently developed 200-kv accelerator (1950) is reported by Almgqvist,
Allen, Dewan, Pepper, and Sanders?* and includes a voltage stabilizer.

For precise work the voltage must be stabilized by a regulating circuit
such as that reported by Dewan,? which reduces fluctuations to 0.1 per
cent. This corresponds to only 25 volts variation at the lowest energy
used (25 kv).

The primary problem with this low-voltage accelerator has been to
obtain sufficiently high intensities from an ion source. Many types have
been tried, and several have been successful in producing beams of over
1 ma. These will be described more fully in Chap. 4, in the general dis-
cussion of ion sources. Large beam intensities are required to compen-
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sate for the low yields owing to the small probability of potential barrier
penetration at less than 200 kv. The lowest energy at which such an
accelerator has produced observable intensities of nuclear disintegra-
tions, observed as neutrons from the D(d,n) reaction, is about 30 kv.

2-6. VOLTAGE MULTIPLIER

The first successful disintegration of nuclei by electrically accelerated
particles was achieved in 1932 by Cockeroft and Walton?® using about
400-kev protons accelerated by a capacitor-rectifier circuit which multi-
plied the available potential by 4. Voltage-doubling or voltage-multiply-
ing circuits had been developed as early as 192027-28 and were adapted by
Cockeroft and Walton to meet their needs, but the accelerating appa-
ratus utilizing this principle is usually called a Cockeroft-Walton machine.
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Fig. 2-8. Voltage-doubling circuits. (a) Symmetrical circuit. (b) Circuit which
allows the negative terminal to be grounded.

The voltage multiplier is in principle a circuit for charging capacitors in
parallel and discharging them in series. It differs from the surge gener-
ator in that it operates on alternating current, using rectifiers to charge
capacitors during one half-cycle and other rectifiers to transfer the charge
during the other half-cycle, so a steady direct voltage results.

The elementary voltage-doubling circuit is shown in Fig. 2-8. In the
circuit shown in Fig. 2-8a the two capacitors are charged on successive
half-cycles and a doubled voltage appears across the capacitors in series.
Since neither end of the output is at the potential of one end of the trans-
former secondary, this circuit has some disadvantages in making ground
connections. For this reason the circuit of Fig. 2-8b is usually preferred.
Here the voltage applied to the output capacitor includes the transformer
output ac voltage plus the de charge of the first capacitor. This circuit
is appropriate for addition of further stages of multiplication (Fig. 2-9a).
By adding units to a total of N capacitors and N rectifiers one can obtain
voltage multiplication by a factor of N. The circuit shown in Fig. 2-9a to
give a fourfold voltage multiplication was the one used by Cockeroft and
Walton. S S o S
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The other half of the accelerator is the ion-accelerating tube, which
Cockeroft and Walton had spent some years in perfecting. The two-
stage tube used is illustrated in Fig. 2-9b. The papers describing their
early results are classics in nuclear physics and give full details of the
technical development, voltage calibrations, and experimental observa-
tions. The series of papers describing the first disintegrations?® has
earned enduring fame for the authors, who shared the Nobel Prize in
physics for 1951. Their apparatus deserves recognition as the first suc-
cessful particle accelerator for nuclear research.

Later Cockcroft and Walton installed a 1.25-Mv voltage multiplier
of the same type in the Cavendish laboratory, engineered and constructed
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Fig. 2-9. (a) Cockeroft-Walton voltage-multiplying circuit.2é  (b) Accelerating tube
for 0.7-Mev positive ions.2¢

by the Philips Company of Eindhoven, Holland. Similar potential sup-
plies have been used in several English and European laboratories. A
photograph of the 700-kev generator at the Cavendish laboratory is
shown as the chapter headpiece, page 14. The arrangement of compo-
nents has become standard in most installations. Capacitors are stacked
in two vertical columns capped by a large rounded terminal. The recti-
fiers are located in a zig-zag pattern between the capacitor stacks. A
stack of filter eapacitors to reduce voltage ripple is frequently added as an
extra vertical array, as can be seen in the photograph. The accelerating
tube is also a vertical assembly with ion beam brought down through the
floor to an experimental room beneath. Shielding for the X rays pro-
duced in the tube is necessary, and the floor is usually built up to provide
this shielding.

The voltage multiplier has been so successful as a potential supply for
energies of around 1 Mev that it has been widely copied and modified in
other laboratories. One of the first laboratories in this country to build
such a unit was the University of Illinois. In 1937 Haworth, King,
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Zahn, and Heydenburg?® described such an apparatus operating at
300 kv, chiefly characterized by the economy of construction. Capaci-
tors of glass plates and metal foil were built in the laboratory; rectifiers
were constructed of glass and metal cylinders and continuously pumped.
The result of a continuous development of accelerating tubes was reported
by Haworth, Manley, and Luebke.3°

The circuit operates as described above, with an output-voltage multi-
plication factor N equal to the total number of capacitors (or the number
of rectifier tubes) with no current drain. With finite current drain the
voltage is reduced below this optimum, and ripple appears in the output.
Bouwers and Kuntke?! in Germany analyzed the circuit on the assump-
tion of perfect rectifiers and capacitors. The theory has been extended
and checked experimentally by Arnold,?? Peck,3% and Lorrain.?* Lorrain
gives the results in the following form, in which the output voltage V is
given in terms of the peak input voltage V,, frequency f, capacitance C of
an individual capacitor, and load current I:

: I
V= NVi= 3o OV 4 %N + J5N) (2-1)
The ripple voltage is given by
1

It is clear that high frequency is an advantage, both to minimize ripple
voltage and to reduce size of capacitors. The optimum number of stages
can be obtained by differentiation of Eq. (2-2).

Arnold?®? used selenium rectifiers instead of vacuum tubes in the design
of a 500-kv generator operating at 750 cps. In his paper he checked the
performance of his circuit against the theory and found it in good agree-
ment. Lorrain3* reports on a 500-kv generator using 24 stages and oper-
ating at 32 kc/sec; he was able to utilize available low-cost radio and
television equipment. The problem of insulation against corona break-
down was solved by housing the generator in a pressure vessel with
30 psi pressure of CO, and Freon gas.

This type of generator is now available commercially from several sup-
pliers, using selenium rectifiers and providing output voltages up to more
than 1 Mv.
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The Electrostatic Generator”

The belt-charged electrostatic generator has been so successful as a
voltage source for particle acceleration that it has displaced all other
static machines and most of the other types of direct-voltage generators.
The use of high-pressure gas insulation has freed the generator from
atmospheric disturbances, and has resulted in a relatively compact design.
In the energy range up to 4 or even 6 Mev to which it has been developed,
it can deliver a steady, parallel beam of particles free from stray radia-

* The name “statitron’ has also been applied to the belt-charged electrostatic
generator. In an informal poll conducted some years ago by the editor of The Review
of Scientific Instruments among most of the users of these machines in the United
States, the name “statitron” received majority but not unanimous approval. It has
not been generally accepted, however. Some people prefer to eall the belt generator
the “Van de Graaff,” as it has been known to many in the past. However, in recent
years the High Voltage Engineering Corporation has used the name “Van de Graaff”
as a trademark for its products. In this chapter the writers have felt it more appro-
priate to retain the full title “electrostatic generator.”
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tion, which makes it ideal as a source for nuclear studies in this energy
range.

The most important property of this accelerator is the unusually homo-
geneous beam energy. In modern electrostatic generators equipped with
a beam analyzer, the energy spread of the beam and the stability with
which it can be maintained are of the order of 1 to 2 kv, and experimental
measurements can be made to this accuracy. The beam can be focused
to small cross section at the target, and intensities have proved adequate
for most purposes. Furthermore, the voltage can be varied at will, so
nuclear processes can be studied as a function of bombarding energy. The
electrostatic generator is supreme in the precise measurement of nuclear
energy levels, and for the study of excitation functions. A large fraction
of our quantitative data on nuclear properties has come from these
machines. They have also been very successful as sources of X rays for
medical and industrial uses. The most complete survey article was
published in 1948 in an English journal by Van de Graaff, Trump, and
Buechner.!

3-1. HISTORICAL DEVELOPMENT

The original suggestion of a belt-charged electrostatic generator seems
to have come from Righi about 1890 as a modification of the “charged-
water-drop”” generator of Lord Kelvin. The significant principles were
all known in the late nineteenth century, but the method was not devel-
oped as a source of potential for particle acceleration until the 1930s.
As a Rhodes scholar in Oxford in 1927 and 1928, R. J. Van de Graaff
became interested in the need for high-voltage machines to develop the
field of nuclear physics, then in its infancy. He decided to experiment
with the belt-charged electrostatic generator as a potential source, and on
his return to Princeton University as a National Research Fellow in
1929, he built his first model.

Van de Graaff? described his first generator before the American
Physical Society in 1931. It was simply conceived and built of inexpen-
sive parts. Two 24-in.-diam spherical aluminum electrodes were
mounted on 7-ft glass rods, each with a motor-driven silk belt to transport
the charge. One sphere was given a positive charge; the other, a negative
charge. An estimated 1.5 Mv potential difference was developed between
terminals, limited only by corona from the terminals. The simple con-
struction and the steady, direct voltage made the machine attractive as

At the head of the facing page is an illustration of the original air-insulated electro-~
static generator at MIT designed by Van de Graaff and his collaborators,® now at the
Boston Museum of Science. Shown in the photograph are C. M. Van Atta, D. L.
Northrup, and L. C. Van Atta. (Courtesy of R. J. Van de Graaff.)
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a voltage source for positive-ion acceleration. The possibility of extend-
ing the method to higher voltages was evident, and groups in several
other laboratories became interested and joined in the development.

In 1932 Van de Graaff went to the Massachusetts Institute of Tech-
nology, where, with the support of President K. T. Compton, he started
on design and development tests for a really large generator. A pre-
liminary design study by Van de Graaff, Compton, and L. C. Van Atta3
described the installation, which was later built in an airship hangar at
the Round Hill estate of Col. E. H. R. Greene near South Dartmouth,
Massachusetts. Two 15-ft-diam spherical metal terminals mounted on
vertical hollow Textolite cylinders were charged, one positively and one
negatively, by two 4-ft-wide belts within the cylinders. A discharge
tube for accelerating ions was to be supported horizontally between the
terminals, and the laboratory for observing nuclear experiments was to be
within one of the 15-ft shells. The concept of the project was exciting
and the scale tremendous for that time. It was essentially complete by
1936 and was described in detail by L. C. Van Atta, Northrup, C. M.
Van Atta, and Van de Graaff.* It developed 2.4 Mv on the positive
terminal and 2.7 Mv on the negative one, with a possible total of 5.1-Mv
potential drop. However, the difficulties of mounting an evacuated dis-
charge tube between terminals were extreme, and the machine never per-
formed satisfactorily as a particle accelerator. Furthermore, voltage
limitations caused by the high humidity and unclean conditions within
the hangar near the ocean made it evident that this location was
unsuitable.

The installation was moved to MIT in 1937 and installed in a tight
metal-domed building in which dust and humidity could be controlled.
In this reassembly the two columns and terminals were mounted adjacent
to each other; one column was used for the belts of the electrostatic gener-
ator and the other for a vertical discharge tube, so experiments could be
performed in a basement room below the floor. With this modified
assembly, the machine was completed as an accelerator by 1940, acceler-
ating electrons or positive ions to 2.75 Mev energy.®? It was developed
to be a reliable and steady source, and gave many years of valuable
service as a research tool under the direction of Professors Van de Graaff
and Buechner. However, this original MIT ‘“Van de Graaff”’ has
become obsolete as a scientific instrument and has been replaced by
others of more modern design. The original dual-terminal generator
is now located as a permanent exhibit in the Museum of Science in
Boston.

The popular appeal of this gigantic generator has been tremendous.
It was an awe-inspiring experience to stand beneath the huge spheres
and feel the hair rise as potential increased, and then to see the long,
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jagged strokes of man-made lightning as the terminal discharged to the
roof or down the column. An even more exciting experience was to
ascend by a ladder, stand within the hollow terminal by an open port as it
was charged, and watch the sparks striking (or more exactly, originating)
a few inches away on the port rim. Photographs of this Van de Graaff
generator have been used as illustrations for many scientific articles.
To many people it typifies the atom smasher of the nuclear physicist.
Largely for its historical interest a photograph of the Massachusetts
Institute of Technology 15-ft dual-terminal generator is shown in the
chapter headpiece, page 30.

Soon after Van de Graaff had demonstrated the potentialities of the
electrostatic generator in his first model, and while he was engaged in
studies and designs for the large dual-terminal machine, a group headed
by M. A. Tuve at the Carnegie Institution of Washington decided to
abandon its previous attempts to build a Tesla-coil voltage source and
to adopt instead the electrostatic generator. A project was started with
the cooperation of Van de Graaff to study the technical possibility of
applying an electrostatic generator to the high-voltage discharge tubes
already developed in the Carnegie laboratory. Spherical shells of 1 and
2 m diam were mounted on Textolite columns in air, and tests were made
establishing the prediction that terminal voltage is proportional to radius
of curvature. The problems of corona formation, of destructive sparks
down the insulating columns, and of the measurement of potential with
spark gaps and generating voltmeters were studied with the aim of
developing a reliable, steady source for nuclear experiments.

The Carnegie Institution group built first a 1-m-diam generator which
supplied 600-kv ions by 1933. Then they developed a concentric-shell
generator with a 1-m inner shell and a 2-m outer shell, mounted on a
tripod arrangement of three Textolite columns. Two charging belts
crossed the room horizontally, and a vertical discharge tube led through
the floor, so that the beam of ions could be analyzed magnetically and
experiments performed in a basement room. Potentials of up to 1.3 Mv
could be maintained with the terminal positive (for accelerating positive
ions to ground). These two machines have been fully described by Tuve,
Hafstad, and Dahl.® They were put to immediate use in accelerating
protons and deuterons for nuclear experiments. These were the first
practical electrostatic accelerators, and an important series of research
papers followed the completion of the 2-m generator in 1935, starting
with measurements of excitation functions which showed sharp nuclear
resonances.” A sketch of the 2-m generator is shown in Fig. 3-1.

One of the most important technical developments of the Carnegie
Institution group was the study of voltage calibration for such air-insulated
generators. It was found that sphere-gap calibrations could not be
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extended to this voltage range with any confidence, but were a function
of the meteorological and surface conditions of the gap electrodes. The
generating voltmeter, which measures field intensity, was also found to
be unreliable at potentials where corona discharge occurred. A high-
energy proton beam could be brought through a thin vacuum window
and the range measured, but the inherent errors in range straggling and
the imperfectly known range-energy relations made this calibration also
suspect. The first satisfactory calibration was obtained by deflecting

2-meter shell

1-meter shell

O//W
[ ! { !

Textolite support

Corona-shielded
acceleration tube

Yz 800 77774 LW//////////////%

Pumps

Fig. 3-1. Schematic diagram of 2-m electrostatic generator at Carnegie Institution,®
showing the arrangement of supports, charging belts, and accelerator tube.

the emergent beam of protons by a magnetic field through a system of
slits. This result was used to establish proton range-energy relations
and to calibrate the generating voltmeter. The limit of accuracy was
the measurement of magnetic field including the fringing effects.

The most accurate calibrations were based on the use of a column of
precision resistors paralleling the discharge tube.® Accurate current
measurements with this 10,000-megohm resistor column gave an absolute
calibration which was of tremendous value to the scientific world at that
time. Nuclear resonances, such as the C(p,y) resonances at 400 and
480 kv, the Li(p,y) at 440 kv, and the three F(p,v) levels at 328, 892, and
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942 kv,”® were observed and measured using extremely thin targets.
These and other nuclear resonances have since been determined with
such precision that they are used as substandards for calibrating instru-
ments in other laboratories and in providing a cross-calibration of results
from the different laboratories.

Meanwhile a parallel development started in other laboratories, based
on the use of high gas pressure to insulate the terminal and increase the
potential. Barton, Mueller, and L. C. Van Atta® at Princeton were the
first to experiment with this modification. They used a cylindrical elec-
trode supported by two Textolite cylinders along the axis of a horizontal
pressure tank. Their first small machine developed 1-Mv potential at
7 atm air pressure, showing an almost linear increase in breakdown
potential with increasing pressure. The chief advantages were the
smaller size of the installation and the positive control of humidity within
the pressure tank.

This principle was utilized by Herb, Parkinson, and Kerst!® at the Uni-
versity of Wisconsin in the design of a series of pressure-insulated gener-
ators. The first model reached 0.75 Mv. The second, described in 1937
and again after further development and operational experience!! in
1938, operated at 2.4 Mv and was equipped with an electronic voltage
stabilizer to maintain the steady potentials needed for nuclear research.
The third model, reported by Herb, Turner, Hudson, and Warren!? in
1940, introduced the use of three concentric high-potential electrodes to
distribute the potential drop and reached a potential of 4.0 Mv.

The Herb design, utilizing pressure insulation and having concentric
terminal shields, has been adopted in most modern accelerators. The
horizontal arrangement—with the terminal cantilevered on insulators
from a grounded face plate, enclosed within a pressure housing which
rolls on rails to open the chamber for servicing, and employing a horizontal
discharge tube—has also found many converts. The practical limit
seems to have been reached, however, at about the 4-Mev machine,!?
owing primarily to the difficulties of supporting the terminal and hori-
zontal discharge tube as the size is increased.

 During the early years other laboratories exploited the vertical mount-
ing, with its apparent advantage in mechanical stability. In this
arrangement, the insulation column sustains only compressional forces,
and a large number. of ‘designs have been developed using insulation in
the form of ceramic standoff insulators or short disk-shaped buttons
separating metal-plate equipotential electrodes. Large pressurized gen-
erators were built at the Westinghouse Research Laboratory,!415 at the
Carnegie Institution, and at the University of Minnesota.'® These were
designed to operate at relatively low (60 to 120 psi) gas pressure, in the
hope that higher voltages could be most readily obtained by increasing
the gap and the radius of curvature of the terminal. Recognition of the
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adverse effect of large terminal area, of the importance of polished sur-
faces, and of the value of multiple-shell terminals came later. As a con-
sequence, all have been restricted to less than their theoretical limits,
operating at about 3 Mv.

Another line of development has been the small, inexpensive generator
for low voltage. A good description has been published of such a small
machine (rated at 1 Mv) at Johns Hopkins University.1718

Meanwhile, at the Massachusetts Institute of Technology a new series
of developments in which J. G. Trump was prominent was started in
about 1938 in the Electrical Engineering Department. Trump and
Van de Graaff!® reported on the first of a series of generators for electrons
intended for use as a source of X rays for medical and industrial purposes.
Years of comprehensive study of the engineering problems of high de
potential made this group acknowledged leaders in the technical field.
Their studies have included such problems as the flashover potentials for
solid dielectrics in vacuum and in compressed gases, the influence of elec-
trode material on breakdown potential, the relative dielectric strengths
of various gases such as Freon, CCl,, and SFs, and ionization as a function
of depth in tissuelike material for high-voltage X rays and electrons.
The use of compressed gases as insulating media was investigated experi-
mentally at an early date, and test equipment was set up to study the
problems and determine the limitations. A large share of our technical
knowledge of high-voltage engineering has come from this continuous
and comprehensive program.

During the war the MIT High-Voltage Laboratory developed and built
several X-ray generators of 2-Mv rating for the United States Navy and
in the process studied and solved many technical problems. The results
are reported by Buechner, Van de Graaff, Sperduto, McIntosh, and
Burrill.2°

The next step in the development of the electrostatic generator at
MIT was a large, vertical, pressurized proton accelerator designed by
Buechner, Trump, Van de Graaff, and others but not described in the
published literature. This machine was financed by a grant from the
Rockefeller Foundation and is duplicated at the Atomic Energy Research
Establishment in Harwell, England. Results of the years of compre-
hensive study on electrostatic problems at MIT are incorporated in the
design, and the wide experience of the staff has gone into its construction.
It was completed in 1950. Beams of 10 to 20 ua of resolved protons at
4 Mev are obtained?' with occasional operation at still higher energy.
This beautifully built instrument is in full operation as a research tool.

The latest step in electrostatic-generator development at MIT is the
“12-Mv”’ generator now operating at voltages up to 9 Mv. This will be
described more fully at the end of this chapter. It is a fitting climax to
the story of the development of these machines at the MIT laboratories.
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In 1947 Trump, Van de Graaff, Denis Robinson, and others formed the
High Voltage Engineering Corporation (HVEC) in Cambridge, Massa-
chusetts, for commercial production of Van de Graaff generators. As
the first commercial firm engaged solely in the business of designing and
building accelerators, HVEC holds a unique position in the field. This
company has produced several compact models of the pressure-insulated
electron accelerator using sealed-off accelerating tubes and operating in
the 1- to 2-Mv range. It has also developed a 5.5-Mv vertical-mount
pressurized proton accelerator based on the design of the MIT research
machine, a 4-Mv horizontal proton accelerator of the Herb type first
built for the Brookhaven National Laboratory,?? and a variety of other
sizes and types.

The most recent HVEC development (1958) is a double-ended hori-
zontal generator,?? called a ‘“tandem,” in which negative hydrogen ions
produced in a special source at ground potential are accelerated to the
positively charged high-voltage terminal in the center of the machine.
Here, they traverse a gas jet in which they are stripped of their electrons
to become protons. Then they are repelled by the positive terminal and
are accelerated back to ground potential to emerge with an energy corre-
sponding to twice the potential of the high-voltage terminal. The first
of these units, installed at the Chalk River Laboratory in Canada, gives
1-ua beams of H* or D+ ions with energies up to 9 Mev.

Since there are several hundred electrostatic machines in laboratories
around the world, it is impossible here to mention any but a few out-
standing historical examples. Impressive electrostatic machines have
been built and important contributions to the art have also been made in
many other centers: Los Alamos National Laboratory, Brookhaven
National Laboratory, University of California at Los Angeles, British
Atomic Energy Research Establishment, Saclay Centre d’Etudes Nuclé-
aires in France, Christian Michelsens Institut in Bergen, Norway, and
many other places.

3-2. PRINCIPLES OF OPERATION

The electrostatic machine is simple in concept, but the techniques and
designs needed to obtain engineering perfection are complicated with
details and are bounded by fundamental limitations, such as the elec-
trical breakdown of insulation. The principle of operation is readily
understood by reference to Fig. 3-2, which is a schematic diagram of a
vertically mounted belt generator. The structure consists of a rounded
high-voltage terminal supported on an insulating column and a moving
belt to carry charge to the terminal. Charge of one polarity is sprayed
on the belt at the grounded end, is carried up into the terminal by a
moving belt, and is removed by a collecting device within the terminal
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where there are no high electric fields to disturb the collecting process.
This steady current, 1 = d@Q/dt, produces an electrostatic potential on
the terminal. If C is the capacitance of the terminal to ground, the
terminal will be raised to a potential
V by a charge @ = CV, and the rate
of increase of potential with time is
given by

Terminal

av a2
&~ C (3-1)
The capacitance of a spherical
shell, if insulated and a long dis-
tance from ground, is given by

C = 4meer = 1.11 X 10719
farads (3-2)

where r is the radius in meters and ¢,
is the dielectric permittivity of free
space in mks units. If a terminal
of radius r; is enclosed within a
grounded concentric shell of radius
9, the capacitance is given by

C = 1.11 X 10-10 "2

re — T
= farads (3-2a)

For a typical large accelerator in
| which the inner terminal has a radius
of 1 m and the outer pressure hous-
Fig. 3-2. Schematic diagram of gener- ing a radius of 2 m, the capacitance

ator enclosed in a grounded pressure .
tank. Circuits are shown for spraying is about 220 uuf. Such an outer

charge on both the ascending and de- grounded shell is indicated n Fig.
scending faces of the belt. 3-2 to represent the wall of a pres-
sure-containing vessel such as is used
in most generators. This grounded shell is not necessary to the opera-
tion of the machine and is in fact missing in some of the earlier designs
using air at atmospheric pressure.
Another common geometry is a cylindrical terminal with spherical end
caps. The capacitance per unit length of coaxial cylinders having radii
r1 and rp is

—10
¢ 2meo _ 0.5 X 10 farads (3-2b)

[ = In(ro/r)  (In ra/ry)
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For a 1-m-long cylindrical section with 1-m-radius hemispherical caps
enclosed in a 2-m cylinder, the total capacitance is about 300 wuf. Capac-
itances for other shapes used in accelerator designs are of the same order.
The dielectric constant of the gas between terminal and housing makes a
small but usually negligible change in capacitance. Additional capaci-
tance to ground is introduced by the metallic equipotential electrodes
used in the supporting column and by the equipotential concentric shells
used in most modern installations. Measured values of capacitance are,
therefore, usually somewhat higher than those illustrated above.

Maximum charging currents used in modern generators are a few milli-
amperes. The time rate of increase of potential given by Eq. (3-1) is of
the order of 10 volts/sec. At 2 ma a 500-uuf terminal would reach 4 Myv
in 1.0 sec. After a spark breakdown or discharge, the generator requires
a finite time of this order to regain its charge.

The belt runs between a motor-driven pulley at ground potential and a
pulley in the terminal. Electric charge is sprayed on the belt at the
grounded end from a fine wire or from a row of corona points (phono-
graph needles have been used) extended across the width of the belt and
directed at the pulley or at a grounded plate behind the belt. A corona
discharge maintained between these points and ground produces gaseous
ionization in the air, and charge is deposited on the moving belt. If the
terminal is to be charged positively, the points must have a positive
potential relative to ground, so that positive ions will go toward the
grounded pulley or plate and will be intercepted by the belt. If the
terminal is to have a negative charge (for accelerating electrons), the
corona points are made negative.

The charge is removed from the ascending belt within the terminal by
a similar corona-point collector connected electrically to the terminal.
If the pulley within the terminal is insulated, it will rise to a potential
sufficiently above that of the terminal to maintain the necessary corona
discharge. The charge appears on the outer surface of the terminal, so
that (except for the effect due to the pulley potential) the inside of the
terminal is field-free. Thus the charging process occurs within the
grounded base, and the discharging of the belt takes place within the
equipotential terminal; both operations are separately controllable and
independent of terminal voltage.

The electric-power supply used to produce the corona discharge from
the needle points is indicated schematically in Fig. 3-2. Potentials of
20 to 30 kv are sufficient, and a current capacity of several milliamperes
is required. Almost any rectifier which meets these ratings is satis-
factory. A half-wave, hard-vacuum-tube rectifier is common, using
60-cycle power. Filtering to reduce the ac ripple is useful in giving more
uniform belt charge, but not essential. The magnitude of the corona
spray current is usually controlled by varying the primary ac voltage.
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This corona current determines the potential to which the terminal will
rise, as will be described later. ,

It is also possible to spray charge of the opposite sign on the descending
belt run within the terminal and to take it off at the grounded end. In
this way the belt carries charge both ascending and descending, and the
charging current is doubled. A charging circuit to achieve this result is
also shown in Fig. 3-2. The resistor placed between the insulated upper
pulley and the terminal can be adjusted to control the upper spray
potential and arranged to make the charge densities equal on the upward
and downward runs.

The power required to charge the terminal is calculable from charging
current and terminal potential. For example, the necessary motor
power (above that required for friction and windage) at 2 ma and 4 Mv is
8 kw. This assumes that belt speed is constant and that the 2-ma current
returns to ground through some other path such as the discharge tube
accelerating ions or electrons.

Current returns to ground from the high-voltage terminal in many
ways. In a positive-ion accelerator the useful current is the beam of
positive ions being accelerated down the accelerator tube. However,
stray ions may strike the tube walls and may release secondary electrons,
which are accelerated up the column to produce X rays on striking the
ion source. Frequently a resistive load is built into the insulator column
to serve as a potential divider. This may be of the order of 1000 to
10,000 megohms, uniformly distributed along the length of the accelerator
tube and connected to appropriate electrodes along the column. The
ultimate limit to terminal potential in the absence of an accelerator tube
is corona discharge from the terminal. This is caused by the breakdown
of insulation (either gas or solid) due to excessive fields at the surface of
the terminal. In most installations adjustable corona-point units are
installed opposite one point on the terminal surface to increase or decrease
total load current and so to maintain a constant terminal potential.
Occasionally a corona streamer in the gas will develop into a spark which
discharges the terminal completely.

The required charging current is the sum of these several components,
which behave differently with terminal voltage:

1. Positive-ion current is generally constant, determined by ion-source
conditions rather than by total voltage.

2. Current in the resistive potential divider or leakage down the
column is directly proportional to terminal potential.

3. Secondary electron current in the tube will be described in more
detail in a later section, where it is shown to increase rapidly with voltage
above an apparent threshold.

4. Corona current behaves similarly, being zero at low voltages and
rising rapidly above a threshold value.
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The charging-current versus terminal-voltage characteristic is illus-
trated qualitatively in Fig. 3-3, which shows the way in which the com-
ponents listed above vary with potential. The equilibrium potential V,
to which the terminal will rise is determined by the maximum charging
current available. Terminal voltage can be controlled by regulating the
charging current or by varying the amount of corona load current with
adjustable needle points. The extremely rapid change of corona current
with voltage tends to stabilize voltage at the equilibrium value, as can
be observed in the graph.

Maximum charging current
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Electron loading
and corona
current
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Fig. 3-3. Typical current-versus-voltage functions for the several components of the
total charging current in an electrostatic generator. Terminal potential V., is deter-
mined by the available charging current 4.

After a spark has discharged the terminal and while the total load cur-
rent is small, the excess charging current causes terminal voltage to rise
rapidly. However, as terminal voltage approaches its equilibrium value
again, the excess current becomes smaller and the rate of charging
decreases. In principle the terminal voltage will approach the equilib-
rium value asymptotically, but in practice the corona-control system for
voltage stabilization allows an overshoot. The time constant of this
control system varies inversely with the magnitude of the corona-current
variation used in the control.

The operation of the generator is simple to describe. First the belt
motors are started; then the belt-spray charging unit is turned on and the
rate adjusted to bring the terminal up to the working voltage, balancing
the currents on the ascending and descending belt runs. Next the ion
source is turned on and its potentials adjusted to bring the ion current up
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to normal. - This extra current load will decrease terminal voltage, which
is trimmed back to the desired operating value by increasing the charging
current. The corona-control circuit can now be locked in to maintain
this voltage. Adjustments of ion-source or focusing-electrode voltages
to improve beam focusing may require still further trimming of the con-
trol circuit.

It is well to avoid excess potential on the terminal in order to reduce
the chance of destructive sparks. Such sparks will occur frequently on
first tuning up a generator, and many days of operation with slowly
increasing voltage are usually required to condition the generator to hold
its rated voltage. A well-designed generator will eventually stabilize at
that voltage set by the maximum allowed charging rate, i.e., when the
total load current equals the charging current. Further increase in
potential can only be obtained by decreasing the electron loading, which
generally improves with time if the vacuum system is tight and the dis-
charge tube clean. These problems will be described in more detail later:

3-3. ELECTRICAL BREAKDOWN IN COMPRESSED GASES

The breakdown potential of an insulated electrode in gas depends on
several factors, which can be discussed separately:

Radius of curvature, area, and surface smoothness of the terminal
Electrode material and surface contaminations

Composition and pressure of the gas

Shape, material, and surface conditions of the insulating supports
Potential distribution along the insulator

L

‘O"l

Many of these factors are interrelated. The designer of an electrostatic
generator must consider the limitations of each component and eliminate
weak points.

Elementary theory of electrical breakdown predicts that breakdown
potential should be directly proportional to the radius of curvature of the
terminal. This is based on the assumption that ionization in the gas
occurs and corona leakage develops at a fixed maximum potential gradient
at the surface. The breakdown potential gradient in air at atmospheric
pressure is of the order of 3 X 108 volts/m. This limit would be reached
at a potential of 3 Mv for a spherical terminal of 1 m radius if corona did
not distort the field. The early studies by Van de Graaff and by Tuve
and his associates at the Carnegie laboratory showed that this relation-
ship was approximately correct for 1- and 2-m spheres, although practical
limitations on maintaining ideal surface conditions led to lower potential
limits. Under stable conditions, however, the linear relationship between
breakdown potential and radius was verified.
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Paschen first formalized the relationship between breakdown potential
V.. for plane-parallel electrodes, gas pressure, and interelectrode spacing as

V. (in volts) = k (pressure in atmospheres
X interelectrode spacing in em) (3-3)

where k is a coeflicient called the specific breakdown strength, which is a
function of the composition of the gas and of the electrode materials.
This coefficient was originally measured and found to be 30,000 for dry
air at atmospheric pressure and with a l-cm gap. It was this figure
which led to the maximum field limit quoted for air of 3 X 10 volts/m.
However, it was soon found that the coefficient was not a constant but
varied with pressure, gap length, and electrode composition.

The type of discharge that results from breakdown depends on the
shape of the electrodes, gap length, pressure, and the constants of
the external circuit. The most
common type of discharge is a
spark. Between plane-parallel elec- 120
trodes, the initial spark normally i
develops into an arc discharge with
the current limited only by the ex-
ternal circuit resistance. Between
small spheres spaced far apart, a
corona or brush discharge may be
visible near the surfaces, with the
center of the gap appearing dark. ' L L 1
With a largeg sI;heI;Ii)cal tgrminal Tom ,O'IGa 1.0 10

p, cm
such as is used with the electro- .

. . Fig. 3-4. Electric_field for spark. break-
static generator, corona discharge down between plane-parallel electrodes
usually occurs first at the surface, iy air at atmospheric pressure.
with the rest of the space dark.

Then, occasionally, a corona streamer will develop into a spark to
ground discharging the terminal completely.

Experimental studies of spark breakdown show strong dependence on
geometric arrangements, and the electric field intensity for breakdown
i1s by no means constant. Figure 3-4 shows. the electric field for spark
breakdown between plane-parallel electrodes in air at atmospheric pres-
sure as a function of gap length. - Figure 3-5 shows the breakdown
voltage between 25-cm-diam spherical terminals at atmospheric pressure
as a function of spacing; grounding one of the terminals changes the
results, an indication of the complicated influence of geometry -on:the
fields. Sphere-gap measurements of voltage are subject to considerable
error, owing to variations in corona discharge and in surface conditions.
The presence of oxide films, oil, fingerprints, or even adsorbed gases will
make marked changes in the sparking limit. - Dust particles or surface
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roughness may increase fields locally, and spheres must be carefully
polished and cleaned. It has also been observed that a change of relative
humidity from O to 100 per cent increases sparking potential in air by
about 3.5 per cent.

In applying these considerations to a generator terminal, we can under-
stand why such large-radius surfaces do not reach the predicted maximum

400
Neither sphere grounded

300t
2
S
>
;2‘ 200} One sphere grounded
>

100

0 A1 i 1 1 1 | 1 i
0 8 16 24 32

Spacing, cm

Fig. 3-5. Spark-breakdown voltage between metal spheres of 25 cm diam in air at
atmospheric pressure, with and without one sphere grounded.

potentials. The charge on a spherical terminal of radius r required to
produce the breakdown field of 3 X 106 volts/m at the surface is given by

Q = 4rwecEr? = 3.33 X 10742 coulombs (3-4)

The corresponding terminal potential would be
volts (3-5)

A 1-m-radius terminal at atmospheric pressure should have a charge of
333 microcoulombs and should rise to a potential of 3 Mv. The best
value obtained consistently at the Carnegie laboratory was 1.3 Mv. The
15-ft-diam terminals of the Round Hill installation had a theoretical
limit of 6.8 Mv each. The actual potential attained was 2.4 Mv on the
positive and 2.7 Mv on the negative terminal.

Surface irregularities can reduce the potential limit by decreasing
radius of curvature and increasing electric field locally. It was early
observed that breakdown potential was reduced for terminals exposed to
dust. One of the worst limitations at Van de Graaff’s Round Hill instal-
lation was sparking due to droppings from birds roosting within the
hangar. An insulating oil film will also reduce breakdown voltage by
allowing large local fields to build up across the film. The contamination
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problem is largely solved in modern generators by enclosing the terminal
in a pressure housing and by filtering and purifying the gas. However,
great care must be taken in construction to polish the terminal and, after
exposure to air, to wipe and clean the surface.

It is an experimental fact that even with polished surfaces the field
cannot be pushed much above 50 per cent of the theoretical limit. Total
gap length to the outer grounded walls is not a significant factor. Break-
down occurs at about the same terminal potential for all gaps longer than
a practical limit. The practical minimum gap is about 1 m for a 1-m-
radius terminal and is roughly proportional for other sizes.

The surface field at the terminal can be reduced by using one or more
concentric terminal shells. If the potential drop between each set of
shells is to be equal and the electric field at the surface of each shell is to
be the same, the radii of concentric spherical shells must be in the ratio

v _re_ T (3-6)

With a terminal constructed of several such shells replacing a single
terminal within a given size of outer housing, the total breakdown poten-
tial can be increased about 50 per cent. The inner shell can be reduced
to a size sufficient to house the ion source and power supplies essential to
accelerator operation. The chief disadvantage is loss of accessibility to
the terminal apparatus, causing increased complexity of maintenance.
The shells are mounted on equipotential rings suitably spaced along the
column to obtain the desired potential distribution. This requires that
the column be designed with steps of decreasing diameter to accommodate
the several shields. Figure 3-6 illustrates an arrangement for mounting
such shields.

Experience with the use of concentric shells has exposed certain limita-
tions. With increased terminal area (required for many shells) it is
found that the reliable operating-potential gradient is reduced. The
most recent designs use one or, at the most, two shells inside the outer
terminal.

The metal used for terminals also has an effect on breakdown potential.
Aluminum is commonly used because it can be spun to the desired spher-
ical shapes and has a low density. Stainless steel is known to have a
higher breakdown limit but is more difficult to form. Measurements?4
of the breakdown-potential gradients for the two metals, in the form of
flat disks formed with rounded edges and buffed to a mirror finish, showed
stainless steel to be much superior, especially at high gas pressure. The
maximum fields obtained in these tests, at 400 psi pressure of air, were
800 kv/in. for aluminum and 1200 kv/in. for stainless steel. These
values are representative of the ultimate limit for short gaps and high
pressures; they are not directly applicable to the long gaps and nonuni-
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form fields of the generator terminal. Other comparisons of electrode
materials were made in vacuum, to simulate the accelerating-tube elec-
trodes. It was found that highly polished aluminum had breakdown-
potential gradients equivalent to stainless steel under high vacuum.

The use of compressed gases around the terminal to increase the break-
down potential is based on Paschen’s law [Eq. (3-3)], which predicts a

: || T
C m T m !IIMHIHII M ||||||||||||||| || T “l|||II||l"ll"!!"!!!!!mlml||I!!!!m!!! ml! "'!|||"'!“m!'| i “m “m lon
lllll IIIII IlIII il ml beam
il lumml’mI\HHNNNNIIMIHNHll 1 Mtltlllll&llllullll\ lWllli
ll| lI|II Il[ll Iul Illil
j I|Il l“ll ll|! l|| |||3| I|||| Illl] IIII |III ||II I||I II|I 11§l III i III] IlI" IHI[ |||| |||| I ""
LY/ U
14 !
Equipotential Textolite
shields tubes
(a)
High voltage terminal
Va Pressure tank / /—Equipotential shield /-Belt drive motor
[
Evacuated
beam-pipe

' p—

. / ‘\\ |
Generating ' - \\// - \—Charging belt

voltmeter

lon source Equipotential rings
()

Fig. 3-6.(a) Diagram of early Unlversmy of Wisconsin pressurized generator with
concentric equipotential shields, supported at the grounded end by three Textolite
tubes. (b) Horizontal Van de Graaff generator for 4-Mev protons.

linear increase of sparking potential with pressure. This is found to hold
over a considerable range of pressure but to fail at high pressures. An
early curve of breakdown potential as a function of air pressure, by Herb
and Bernet,2 shows a considerable deviation from linearity (see Fig. 3-7).

Such dev1at10ns are found to depend on the geometry and material of the
electrode, the gas composition, and the surface conditions. Under con-
trolled laboratory conditions using plane electrodes and short gaps,

Trump and his collaborators found that a useful increase can be extended
up to 20 atm. With the nonunlform fields of large terminals in acceler-
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ators, the sparking-potential curves always deviate from linearity above
some value of pressure, which varies from one installation to another.
No single curve can be cited to predict results, but sufficient data are
now available for typical geometries to estimate the effect of pressure
variation with reasonable accuracy. An example of the data available
is the curve taken with a modern accelerator at MIT?2° (Fig. 3-7b).
Breakdown potential depends strongly on gas composition, particularly
at high pressures. Air, nitrogen, and carbon dioxide were used in early
pressure generators. Air has the advantage of availability but the dis-
advantage of supporting combustion; Textolite insulators and charging
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Fig. 3-7. Typical curves of terminal potential versus air pressure for electrostatic
generators. (a) University of Wisconsin,? 28-in.-diam cylinder. (b) MIT,?® 18-in.
hemispherical cap.

belts were occasionally ignited by sparks in the compressed air. Herb
et al.!? discuss the problem of the fire hazard in compressed air in some
detail and show that it can be minimized by suitable choice of nonflamma-
ble materials. Largely for this reason N, and CO, were tried in several
generators, but in general gave lower spark-breakdown limits. Trump,
Cloud, Mann, and Hanson?* studied the relative sparkover limits for these
gases and for mixtures of N, and COs, finding air to be superior in all
cases.

It has been known since the work of Natterer (1889) that certain gase-
ous compounds containing chlorine, fluorine, or other “‘electronegative”
gases gave a higher insulating strength than air. The dielectric strength
of air is increased by the addition of any gas whose atoms or molecules
have an electron affinity, i.e., can capture electrons and suppress dis-
charges until the electron concentration becomes materially higher than
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if the electronegative gas were not present. However, the advantages of
these gases are somewhat offset by the formation of corrosive products
when discharges do occur, or even when heavy corona discharge is
permitted.

Several laboratories?®27 have studied the increase in dielectric strength
of air by the addition of a saturated vapor of CCl, (2 psi at room tempera-
ture) and have found that the increase is maintained at approximately
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Fig. 3-8. Spark-breakdown voltage versus gas pressure for several gases in the MIT
experimental generator.20

the same ratio at higher pressures. Others?®2? investigated the charac-
teristics of Freon (CCl.F;) and sulfur hexafluoride (SF¢) and found them
to be particularly promising as insulating media. Freon, developed pri-
marily as a refrigerant, was readily available and was studied by Trump,
Safford, and Cloud?® both in the pure state and when mixed with air at
pressures above its vapor-pressure limit. Schumb?! first developed tech-
niques for producing SFs in a quantity sufficient to make tests at the
Massachusetts Institute of Technology laboratory.2°
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A summary of the properties of these gases is given in the curves in
Fig. 3-8, taken from MIT publications. The best gas tested was SF¢, up
to a pressure of 200 psi, which almost doubled the maximum potential
obtained with air at the same pressure. It has a vapor pressure of
330 psi at 25°C and can be run to even higher pressure by warming the
generator housing. It can now be obtained commercially at reasonable
prices and so affords a method of improving compactness and raising
voltage limits of electrostatic generators. Freon, which has a vapor
pressure at room temperature of only 85 psi, gives similar sparking
potentials up to its vapor-pressure limit, but it is not quite so good as
SFe at higher pressures, when air or another gas must be mixed with the
Freon.

Despite the obvious advantages of the electronegative gases for high-
voltage insulation, most laboratories have concluded that the corrosive
products of dissociation make their use undesirable. The gases used in
most installations are mixtures of nitrogen and carbon dioxide.

For all gases other than air, it is necessary to provide gas-storage
reservoirs into which the gas can be pumped when the generator is to be
opened for maintenance or repair. Such reservoirs are now common in
new installations. The reservoir is usually made about equal in volume
to the generator, and valves are arranged so that gas can be pumped
either way. In a typical installation at Brookhaven, the pump-up or
pump-down time is of the order of 30 min.

3-4. THE INSULATING COLUMN

Solid insulators are used to support the terminals in both vertical- and
horizontal-type accelerators. The most common form of insulator is a
hollow cylinder of fiber laminate. Textolite was used in the MIT 15-ft
air-pressure generator, in the form of cylinders 6 ft in diameter, 22 ft in
length, and 2¢ in. in wall thickness. In the horizontal pressure gener-
ators designed by Herb and his associates, a truss structure of three or
four smaller Textolite tubes, of 4 to 6 in. diam, is used to support the
terminal.

The flashover voltage for Textolite columns depends more on the
design of the connection at the terminal than on any other single factor.
With a flush mounting (Fig. 3-9a) the concentration of field in the dielec-
tric material of the column initiates corona discharge at the surface of
the Textolite at lower potentials than those producing corona in the air.
If the column is led through a hole in the terminal with internal edges well
rounded (Fig. 3-9b), the situation is improved, but this is still the weak
point. Without some form of shielding, sparks initiating at this point
will flash down the surface of the column. The 6-ft-diam columns of the
15-ft MIT generator are scored with many such spark tracks. The
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voltage limit is dependent not so much on length of column as on the
initial breakdown at the connection to the terminal. With such an
unprotected single insulating column, the limit is less than 3 Mv.

In all modern generators the supporting insulators are surrounded by
closely spaced equipotential rings (Fig. 3-9¢), so arranged that the electric
field is approximately constant along the length of the column and the
weak point at the terminal connection is shielded from high fields. Such
rings surround the Textolite tube truss of the Herb-type horizontal gener-
ator and are equipped with corona-point gaps between rings to equalize
the potential drops. The rings are also connected internally to cor-
responding accelerating-tube electrodes and to ‘‘field control”’ bars near
the belt. A 10-ft column with such equipotential rings will insulate well
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Fig. 3-9. Steps in the development of the connection between terminal and supporting
column: (a) flush mounting results in corona breakdown of the insulating column; (b)
reentrant column reduces but does not eliminate corona; (¢) spaced ring shields along
the column give a uniform potential gradient and eliminate corona.

over 4 Mv at 200 psi pressure of air, and such sparkovers as do occur go
down the line of corona points without damage to the insulators inside.

The MIT vertical pressure generators use stacks of short glass or
ceramic insulators, located between flat equipotential metal plates.
Small bushing-type disk insulators are adequate to support a compres-
sional load but are impractical for horizontal mounting. The use of
modern adhesives has recently allowed this electrically superior con-
struction to be applied to a horizontal mounting for short stacks capable
of insulating over 2 Mv. The bushings can be corrugated to increase
surface-path length. Flashover voltage for short solid insulators of this
type in compressed nitrogen was studied by Trump and Andrias.?? They
used plain and corrugated cylinders of Lucite, Textolite, and Isolantite
and found the limit to be set by surface flashover rather than by volume
breakdown, and to be markedly improved by increased surface-path
length, particularly for high gas pressures. The results of such studies
have led to the design of compact generators with very short insulating
columns, reaching a gradient of 1 Mv/ft without breakdown.
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Despite the mechanical differences between vertical and horizontal
mounting and the radically different type of column insulation, the over-
all outline of the terminal, column, shields, and pressure housing is sur-
prisingly similar. This is illustrated by comparison of Fig. 3-10, which
shows the MIT vertical 4-Mev ‘“‘Rockefeller”’ generator, and Fig. 3-6b, the
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Fig. 3-10. Vertical electrostatic generator for 4 Mv at MIT.! Two accelerating tubes
are shown, one for positive ions and the other for an electron beam with reversed
terminal potential.

Herb-type horizontal 4.0-Mev generator built by the High Voltage Engi-
neering Corporation for the Brookhaven National Laboratory. The
similarity in outline is an indieation of present agreement on fundamental
design principles, since the two machines are culminations of experience
In two separate laboratories.
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3-5. CHARGE-CARRYING BELT

Flat, endless belts of insulating material have thus far proved to be the
most effective charge conveyors for both air-insulated and compressed-
gas electrostatic generators. Many kinds of materials have been used
for belting, and opinions differ in the several laboratories as to the best
material. The belt must have high mechanical strength, high surface
and volume resistivity, and high dielectric strength, and it should be fire-
resistant if air is to be used as the insulating medium. Another impor-
tant requirement is that the belt should not absorb moisture when the
housing is opened to the atmosphere for maintenance or repair, or else
that the time required for dehumidifying the belt be short.

Two belts of electrical insulation paper 0.017 in. thick and 47 in. wide
were originally used in the large Round Hill generator. The seams were
made on a 45° bias and tapered to preserve a uniform belt thickness.
Nevertheless, later experience showed that such belt joints produced a
small but measurable pulsation in terminal voltage, and endless belts are
now common.

The belts used and recommended at the MIT laboratory are made by
the Fabreeka Products Company. They are endless woven cotton belts
which are neoprene or rubber impregnated and vulcanized. The belts
are oven-dried before being placed in the generator and are further dried
during operation by recirculating the compressed gas in the tank through
a dry-ice cooling coil until the dew point has reached —35°C or lower.
It is necessary to have this low air-moisture content (0.1 grain of water
per cubic foot) to obtain the maximum voltage gradient on the belt. In
using gases other than air, which are stored and reused, such a gas
dehumidifier and circulator is also essential to remove the moisture
absorbed on the various insulators when the tank is opened.

The belting used by Herb and his associates is a rubberized balloon
fabric made by the Goodyear Rubber Company. These belts also must
be thoroughly dried to prevent sparks along the belt which might rip
the fabric.

Belts tend to stretch slightly during initial operation and must be
readjusted to preserve proper tension. Pulleys are flat cylinders slightly
crowned to make the belt ride true. A 2° taper over a short distance at
each end of the pulley is usually sufficient. Pulley alignment is critical,
and bearing supports must be capable of delicate adjustment.

Belt speeds are commonly between 3000 and 5000 ft/min, and windage
losses are significant. An empirical formula for windage losses in air,
relating the speed of the belt, its surface area, and the air pressure, was
given in one publication!® as
Windage loss (hp) = pressure (atm) X belt area (ft?)

[velocity (1000 ft/min)]?
X 6000 @&7)
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For a typical belt of 20 in. width, 20 ft total length, and a speed of 4000 ft/
min at 200 psi pressure, the power required to overcome windage is
about 5 hp.

In pressure-insulated generators, belts are driven by motors installed
within the pressure housing below a false floor at ground potential and
connected by short power-drive V belts to the lower pulley. The motor
must be of the fireproof, glass-insulated type manufactured by several
reputable firms.

Belt charge density is limited by gas breakdown, and the same limiting
field applies as for terminal potential; in air at atmospheric pressure, this
field E,, is about 3 X 10° volts/m. If the electric field due to belt charge
is uniform and directed normal to the belt surface in both directions, the
maximum charge density o, is given by

om = 260, ~ 5.3 X 10~® coulomb/m? (3-8)

In practice about 50 per cent of this maximum charge density is com-
monly attained. It is controlled by the rate of charging indicated by the
corona spray current and the belt speed. If it is exceeded and the air
becomes ionized at the belt surface, sparks can occur which might burn
or rip the belt.

Higher gas pressure increases the permissible belt charge density by the
same factor that terminal potential is increased. In fact, the higher
charging rates possible in compressed gases constitute one of the primary
advantages of the pressure generator. To obtain the necessary charging
rate at atmospheric pressure, the belt area and speed must be large, but at
high gas pressures a single belt of reasonable dimensions and speed is
adequate to provide the charging current. The current delivered by a
belt of width w (in meters) and speed v (meters per second) is given by

1 = owv amp (3-9)

To give an example: At 10 atm pressure where belt charge density can be
2 X 107* coulomb/m? a 50-cm-wide belt carrying charge both ways at a
speed of 4000 ft/min will provide a charging current of 4.5 ma.

In the operation of the MIT vertical pressure generator, it was observed
that a large fraction of the variation in terminal potential was due to
static charge on the inside of the belt surface, caused by friction on the
pulley. It was found, furthermore, that these variations could be
reduced by spraying the main charge on the inside rather than the outside
of the belt surface, which was the accepted procedure previously. This
change improved the voltage regulation of the generator by about a
factor of 3.

Another development at MIT is the use of a layer of slightly conducting
rubber on the inside surface of the belt. Such a conducting layer can be
charged by induction rather than by corona spray, thus eliminating the
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lonization near the belt, which is believed to be the cause of much of the
observed belt damage and of some of the voltage fluctuation. The
method was first tested with conducting paints, which were found to wear
off after a time; the conducting-rubber layer is a more permanent surface.
The conductivity must be sufficient to obtain a suitable charge by induc-
tion, but not so large as to carry an appreciable current down the belt;
the surface resistivity found suitable is about 107 ohm-m.
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Fig. 3-11. (a) Computed electric-field pattern near belt and control bars with belt
charged and moving.! A set of glass rods used as belt spacers is also shown. (b)
Potential distribution along the belt due to the electric-field pattern shown in (a).

To maintain the necessary uniform transverse fields at the belt, a set
of closely spaced field-control rods is located close to the belt. These
rods are located in the planes of the equipotential rings and are electrically
connected. A resistance voltage divider or suitable corona gaps maintain
the uniform potential distribution along the column and the belt. Each
belt run (up and down) rides between these parallel rods, so the electric
field is closely confined to a region adjacent to the belt surface. With
uniform belt charge and closely spaced equipotential planes, the gradient
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along the belt is very nearly uniform, and the chance of breakdown is
reduced. Figure 3-11 shows the fields around the belt and field-control
rods as computed and plotted at the MIT laboratory.

The electrical force of attraction between the charged belt and the
control bars is so large that the belt may rub against the bars and transfer
charge irregularly if it is not precisely centered. The method developed
by Trump and his group to prevent such contact is to use at intervals
along the column small glass rod or bead spacers which have a narrower
spacing than the bars and so keep the belt centered. These belt spacers
or guides are supported on additional metal bars which parallel the belt
surface (Fig. 3-11).

3-6. THE ACCELERATING TUBE

The evacuated tube for accelerating ions is one of the most critical com-
ponents. After long development in many laboratories, it is still the
ultimate limiting factor in total potential. The tube must be con-
structed of insulating material, commonly porcelain or glass cylinders
several inches long and of large diameter, with vacuumtight seals to
metal-plate electrodes between sections. These electrodes are connected
to corresponding equipotential rings in the column to maintain a uniform
distribution of potential along the tube. The metal electrodes have
large-diameter holes or tubular electrodes aligned along the axis of the
tube, through which the particle beam passes as it is accelerated. The
electrodes produce an accelerating and focusing field for the charged
particles and also are arranged to protect the walls of the tube from the
beam to reduce the possibility of flashover and to shield the beam from
the effects of static surface charges on the insulator wall.

Flashover limits are usually lower on the vacuum side of the insulator
wall than on the gaseous insulator side, probably owing to local fields
developed by surface charges. Studies at MIT! on the flashover of solid
dielectrics in high vacuum have shown that hard glasses have a higher
limit than electrical porcelains; Corning Vicor (96 per cent silica glass)
and Corning 7070 (a high-resistivity borosilicate glass) were reported to
have the best properties. It was found, for example, that six 1-cm sec-
tions of Vicor in a total gap length of 214 in. can insulate 500 kv.

The vacuum seals at the joints are extremely critical, especially when
operating with external gas pressures which may be as high as 300 psi.
Gasket-bolted joints have largely been displaced by cementing techniques.
Vinylseal (a plasticized polyvinyl acetate) has been found to have
excellent properties for this purpose, being remarkably strong and
vacuumtight and having a negligible vapor pressure after baking at
200°C in an oven.

The tube is run through a series of aligned holes in the equipotential
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planes, which produce a uniform gradient along the tube. An important
consideration in horizontally mounted tubes is the support of the heavy
tube structure. It can be hung on slings at frequent intervals along the
column, carefully adjusted to eliminate bending torques.

The early accelerating tubes were constructed of rather long sections of
insulator, and “drift tube” tubular electrodes were mounted along the
axis, so the charged particles experienced their acceleration in a series of
discrete steps as they passed across the gaps between the drift tubes.
This is illustrated in Fig. 2-2b showing the first Carnegie accelerator.
These gaps represent a set of electric lenses for the particles, with most of
the focusing occurring in the first few gaps at the source end of the tube
where the charged particles move slowly.

Progress in design to higher voltage gradients along the tube has
resulted in successively decreasing the spacing between electrodes and
increasing the number of gaps. This development reached its ultimate

Kovar discs

Scale in inches

Fig. 3-12. Cross section of uniform-field accelerating tube for an electron beam.'

limit in the “uniform field”’ tube produced by the Machlett Laboratories
for electron acceleration in the MIT X-ray generators built for the
military services. This was a permanently sealed tube built of large
numbers of Kovar disks and short Pyrex rings, with the thermionic
cathode at one end. Figure 3-12 illustrates such an electron-accelerat-
ing tube. The present X-ray tubes used for medical and industrial
applications are assembled from short glass or porcelain rings with inter-
vening polished aluminum electrodes, sealed with Vinylseal and baked to
form a mechanically strong tubular structure.

Modern designs for positive-ion tubes use much larger diameters, owing
to the necessity of providing adequate pumping speeds to accommodate
the gas flow from the source. Herb and others have developed 10-in.-
diam tubes, which allow the vacuum pumps to be placed at the grounded
end. Other laboratories use smaller tubes, with a pumping outlet near
the source and a second insulating tube running the length of the column
to provide a gas pump-out. This technique is known as “differential”’
pumping. In one case (Berkeley) the second tube was not used and the
gas discharged from the differential pump outlet at the source was
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pumped into a storage tank in the terminal, which had to be discharged
occasionally. A typical positive-ion tube developed by the High Voltage
Engineering Corporation for the Brookhaven electrostatic generator is
shown in Fig. 3-13.

Vacuum pumps for the accelerator tubes must have pumping speeds
compatible with the tube diameter or with the electrode aperture diam-
eter, if that is the limitation. The required speed is relatively low as
compared with pumps for cyclotrons or other large-volume vacuum
chambers. The requirements for ultimate vacuum and low vapor pres-
sure are more severe, however, primarily because of the problem of elec-
tron loading, to be discussed in the section to follow. A typical figure for
ultimate vacuum demanded by most experimenters is 2 X 10~ mm Hg.
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Fig. 3-13. Positive-ion source, focusing electrodes, and accelerating-tube structure for
the Brookhaven 4-Mv generator.2?

Vapor traps and baffles are essential, and these are almost universally
refrigerated to low temperatures. The practice at the MIT laboratory
has been to use only mercury-vapor pumps, with refrigerated baffles.
The elimination of organic vapors originating from oil-vapor pumps seems
to have reduced the electron-loading problem and to justify the practice.
Other laboratories have used oil-vapor pumps successfully when suitable
baffling has been provided, but an occasional burst of oil vapor into the
tube has sometimes caused serious trouble from electron loading, and
tubes must be cleaned more often.

3-7. ELECTRON LOADING

One of the most serious problems of the positive-ion electrostatic gener-
ator is the limitation on terminal potential due to electron loading.3*
The loading is caused by electrons, usually released by secondary emission
processes from the electrodes or walls of the accelerating-tube structure,
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which traverse the tube in the opposite direction and increase the tube
current so as to limit terminal potential at constant charging rate. This
beam of electrons is focused by the electric fields within the tube and
strikes the ion source at the terminal end, producing X rays with an
energy distribution extending up to the maximum tube potential. Such
X rays are observed from the terminals in all positive-ion accelerators and,
in fact, constitute one of the chief radiation hazards of the electrostatic
generator. Shielding around the ion source within the terminal is diffi-
cult because of the weight of material required; shielding of the entire
high-pressure shell or of the room in which the generator is housed is
expensive. Nevertheless, most modern high-voltage generators have
such shielding built into the walls of the room. Intensities equivalent to
the gamma-ray output of several kilograms of radium have been observed
occasionally in some generators.

This limitation of the accelerator tube has resulted in positive-ion
energies well below the practical operating limit of the generator without
the tube. Installations confidently designed for potentials of, say, 5 Mv
have frequently been found to have a practical limit for positive ions of
only 3 to 4 Mev. The practical voltage limit has been so difficult to
estimate in advance that many generators have never reached their
designed voltage when used with positive ions. The electrostatic gener-
ator has accordingly suffered from a rather bad reputation of seldom per-
forming to specifications.

Electron loading is most conspicuous in tubes whose inner surfaces
have become contaminated. One of the chief contaminants is the oil
vapor or the discharge decomposition products of the vapor, when oil-
diffusion pumps are used in the vacuum system without adequate baffling.
The significance of oil vapor in the electron-loading problem has only been
recognized in recent years. For many years experimenters had ascribed
the phenomenon to other causes, such as improperly cleaned or polished
electrode surfaces, gas pressure in the vacuum tube, or lack of adequate
pumping speed. At the MIT laboratories early difficulties with oil-vapor
pumps led to insistence on mercury-vapor pumps or on extremely cold
baffles when oil was used. Nevertheless, they also have had difficulties
and limitations due to electron loading, which can probably be ascribed
to other contaminants such as vapor from gaskets or sealing compounds.
There has been a running argument between two schools of thought for
many years, in which one group argued for mercury-vapor pumps with
the associated requirements of low gas flow and small-volume chambers,
and the other group exploited large-diameter chambers, fast pumping
speeds, and oil-vapor pumps. With the present understanding of the
phenomenon the two lines of development have merged, and all agree on
the importance of the minimum possible vapor pressures and surface
contaminations.
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The phenomenon was known in the early days of accelerator develop-
ment. The first study of secondary-electron emission by positive ions,
by Hill, Buechner, Clark, and Fisk®* in 1939, was based on the urge to
solve the loading problem. They measured electron yields from metallic
surfaces placed in the beam of positive ions of several Mev energy,
observing 4 electrons per positive ion for protons, 6 for hydrogen molecular
ions, and 13 for helium ions, from molybdenum targets. The effect was
nearly independent of the target metal and no method was discovered for
reducing or controlling it.

The magnitude of the loading phenomenon in an operating generator
will usually decrease slowly with continued operation. It can definitely
be reduced by using faster pumps, better baffles, or refrigerated traps.
It is a function of the gas pressure in the vacuum tube; the threshold for
incidence of loading is raised by increasing gas pressure to about 10-5 mm
Hg, and heavy gases like nitrogen or argon are more effective than hydro-
gen or helium in suppressing the effect. It is believed by some operators
to be a function of tube diameter, in that large-diameter tubes seem to
have a lower potential threshold than smaller tubes in the same generator;
however, this may be associated with the relative pumping speeds. The
effect is altered by surface conditions inside the tube; a tube which is sub-
ject to loading can be improved by careful cleaning,.

In the past few years the problem of electron loading has been more
widely recognized and studied. Experimental tests have been run at
several laboratories to attempt an analysis of the mechanism of the
phenomenon. Blewett®? has suggested that it may be a consequence of
the large local fields developed across thin layers of insulating contamina-
tion on electrode surfaces, such as pump oil or oxide layers, first studied
by Malter® in 1936 at much lower energies. Malter observed large
yields of secondary electrons from such surface layers when bombarded
by electrons in the presence of high electric fields. He interpreted this as
field emission due to extremely high local fields across an insulating
surface layer. '

Turner?® showed that a large fraction of the secondary electrons came
from the final slit at the grounded end of the tube in the Brookhaven
proton accelerator and that they could be trapped by electric retarding
fields between the last electrode and ground; reduction in electron loading
current was observed as a decrease in X-ray intensity from the terminal.
MecKibben and Boyer?” used magnetic fields at the base of the tube of the
Los Alamos generator to deflect the secondary electrons, and from the
results they concluded that negative-ion emission was also partially
responsible for the effect.

New light was thrown on the effects of electron loading by Turner in
some unpublished work performed during 1957. He made careful meas-
urements of the locations of all currents which left the high-voltage
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terminal of one of the Brookhaven electrostatic generators and estab-
lished the fact that a large fraction of the loading current returned to
ground through the high-pressure insulating gas. This current he
attributed to ionization of the high-pressure gas by the X rays emanating
from the region around the ion source. This secondary effect was found
to be contributing a large fraction of the load current. By careful shield-
ing of the ion-source structure with sheets of lead he was able to reduce
the loading current by a significant factor and so to push the terminal
potential to materially higher voltages than had been previously attained.

There is reason to hope that a combination of clean techniques, low
vapor pressures, and fast pumping speeds can control contaminations,
that electric or magnetic clearing fields can be designed and located to
reduce the magnitude of the residual effect, and that X-ray ionization can
be controlled by shielding. The recent successes in this direction suggest
that with this problem under control the electrostatic generator can be
extended to considerably higher energies than have been available in the
past.

3-8. VOLTAGE MEASUREMENT AND CONTROL

The problem of voltage calibration is fundamental, since the primary
usefulness of the electrostatic generator has been for studies of reaction
energies and nuclear energy levels. Our present precise knowledge of
nuclear energy constants rests to a large extent on the measurements
made with these machines.

In the historical summary at the beginning of this chapter, the early
calibrations in the Carnegie Institution laboratory were described. Tech-
niques for measurement of particle energy have advanced steadily in the
years of development. At present, in most laboratories using electro-
static generators, particle energy is known to within 1 or 2 kev in 4 Mev,
and techniques for controlling the potential to this accuracy are available.
Many laboratories and individuals were concerned in the development,
and the techniques are generally known and used. The ones to be
described here are representative of the latest methods leading to the
highest accuracy.

The “‘generating voltmeter’’ has been for years the basic instrument for
observing terminal potential with single-terminal machines.!>** Its
operation depends on the static charge induced on an insulated metal
plate or vane near the outer pressure housing surrounding the terminal.
The magnitude of the induced charge is determined by the electric field
established by the charged terminal at the location of the vane. In the
usual form an insulated vane rotates at constant speed behind a grounded
shield shaped so the vane is covered during half its travel and exposed to
the electric field during the other half (see Fig. 3-14). The alternating
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electrostatic voltage induced on the vane is amplified and rectified, and
its magnitude is displayed on a dec meter at the control panel as a measure
of terminal potential. The geometry of the system limits the precision
of calibration from calculations of the capacitance and the electric field.
The voltage scale is usually calibrated against other standards of poten-
tial. The most serious limitation is the distortion of electric fields due to
corona discharge from the terminal, as discussed earlier. In most
installations the generating voltmeter is used as a qualitative instrument
for monitoring operations, such as in tuning up the generator or in observ-
ing spark discharges. With the advent of multiple-terminal shields its
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Fig. 3-14. Schematic diagram of generating voltmeter for measurement of terminal
potential.12

usefulness is somewhat reduced, since it reads only the potential of the
outer shield and its calibration depends on a constant ratio of potential
drops between shields.

Another method of measuring terminal potential is to observe the
current in a string of calibrated high resistors running from terminal to
ground. To give a valid reading these resistors must be free from corona
losses, not an easy matter unless they are carefully shielded. However,
the resistor string can also be utilized to provide a uniform potential dis-
tribution of many small steps by connecting the resistors between succes-
sive equipotential rings. If this is done, corona loss can be made negligi-
ble, and the resistors serve a dual purpose. The total resistance is high,
so the current drain down the stack is a small fraction of the charging
current. A typical value is 10,000 megohms per million volts, or a cur-
rent of 100 wa. A microammeter is inserted at the grounded end of the
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resistor column. When used to calibrate terminal potential, the indi-
vidual resistors must be measured to high precision. If other more
accurate voltage calibrations are used, this current can still be displayed
on the control panel as a visible check on terminal potential.

Most modern accelerator installations use magnetic or electric deflec-
tion of the particle beam to calibrate voltage. In some cases the instru-
ment is itself calibrated by using natural alpha-particle groups whose
energy is precisely known from measurements made at the Cavendish
laboratory. An illustration is the MIT laboratory, where Buechner uses
a calibrated 180° magnet to focus and measure the energy of protons
scattered from the accelerated beam. The precision attained in absolute
energy calibration is of the order of 0.1 per cent.

An important means of cross-calibrating the proton-energy scales in
the several laboratories is provided by nuclear resonances. Certain
reactions are found to have extremely sharp resonances at definite proton
energies when thin targets are used, and the yields from such reactions
show sharp peaks. Several resonances at energies useful for voltage
calibration were measured at an early stage by the Carnegie Institution
group,’ using their precision resistance voltmeter. Others at higher
energy values have been added as the energy scale increased. The most
precise measurements in the 1- to 2-Mev range came from the Wisconsin
group, reported by Herb, Snowden, and Sala.?® The results of their
proton-energy calibration are given in the form of exact values for the
thresholds of three nuclear reactions, as follows:

Li’(p,n)Be” — 1.882 + 0.19, Mev
A?(p,y)Si2® — 0.9933 + 0.19 Mev (3-10)
F19(p,av)0' — 0.8735 + 0.19, Mev

The energy calibration used by Herb, Snowden, and Sala came from
the use of a large electrostatic analyzer, in which the protons were
deflected through 90° between curved plates by an electric field which
could be determined from the dimensions, and from potentiometer
measurements of the applied voltage. The analyzer was accurately con-
structed and end effects were calculated carefully. Protons were passed
through very narrow slits by the focusing inherent in the 90° electrostatic
deflection. Uncertainties are reported to be 0.1 per cent, or about
1 kv/Mv, including the error in the e/m value for the proton taken from
latest measurements of the physical constants. This energy scale is
independent of alpha-particle energies and represents an absolute and
independent calibration.

At Rice Institute in Texas, Bonner has also used magnetic deflection,
using alpha-particle calibration for energy measurement. However, he
has developed a new absolute method for calibration of the magnetic
field based on nuclear resonance with the proton magnetic moment.
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This “proton moment’ method of calibrating a magnetic field is described
in more detail in Chap. 8 in the section on magnetic measurements. The
value of the proton moment is known to extremely high precision, even
better than alpha-particle energies. The chief source of error in the
method comes from uncertainties in the geometry and in calculating the
end effects in the analyzing magnet. The precision attained is equivalent
to that in the two laboratories mentioned previously.

It is of interest to note that the three independent techniques of calibra-
tion outlined above are in excellent agreement, well within the experi-
mental errors. Each laboratory has provided cross-checks by measuring
the thresholds or resonance energies for several nuclear reactions, and
these results agree. As an additional check, Herb and his group have
measured the energy of the polonium alpha-particle group with their
electrostatic analyzer and find agreement with the accepted value to
within the experimental limits of error. So it is now possible to rely on
energy calibrations in those laboratories to within 0.1 per cent. Other
laboratories have in general relied on the energy scale given by the
most accurately measured values of nuclear resonances, and calibrate
their deflecting magnets and energy scales by using the resonances as
substandards.

The techniques for voltage control are similar in the several labora-
tories. All depend on error signals from a slit system at the exit of the
magnetic or electrostatic analyzer. In the magnetic analyzer, for
example, the beam traverses narrow slits at the entrance and exit. If the
magnetic field is constant, a variation of terminal potential will cause the
beam to strike one side or the other of the exit slit. The slit edges can
be insulated and currents to the edges measured and compared. A lack
of balance indicates a variation of particle energy, and the sense of the
difference gives the direction of deviation.

In most installations using protons for target bombardment, the mass-2
lons from the source (singly charged hydrogen molecular ions) are used
for the voltage control. In a magnetic field these ions are deflected
through an angle which is 1/4/2 that for the protons in the analyzer,
and this beam is allowed to fall on the double-edged slit used for control.
In this way the proton beam can be kept free from confining slits and
allowed to pass through the analyzer to the target.

An amplified error current from the control slit is used to correct
terminal potential. Several methods of applying this control are avail-
able. The error signal can be used to modulate the voltage of the belt-
corona-spray power supply. This may be done either by controlling
primary voltage of the high-voltage transformer or by varying grid
potential of a vacuum tube placed in the grounded lead of the rectifier set.
In the latter case the potential drop across the tube is in series with the
spray points and the lower grounded pulley and hence can control the
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corona voltage and current. This system is limited to a speed of response
corresponding to the belt travel time. The load current is assumed to
remain essentially constant.

Another control method depends on maintaining constant charging
current and varying a component of the load current. Corona points are
located at the wall of the pressure housing opposite the terminal, and the
current in this steady corona discharge is varied by the error signal from
the energy analyzer. The corona-control points are usually arranged in a
package of 6 to 12 points, each sticking through a hole in a grid plate.
This grid plate may be grounded and the control voltage applied to
vary the negative potential on the points, or the control voltage may be
applied to this grid plate to vary the electric field at the points. The
corona package as a whole can be moved close to the terminal for low
terminal'potentials and back to the wall for maximum potentials. Corona
currents from such a negative point are very sensitive to variation of point
potential.

An alternate method of controlling load current is to modulate a beam
of electrons going up to the terminal from the grounded end in a second
accelerating tube, which may also be used for differential pumping at the
ion source. A thermionic cathode and control grid similar to those in a
standard triode are used to produce and control electron-beam current.
A disadvantage of this system is the X rays produced at the terminal end
of the electron-accelerating tube.

Any such control scheme depends on varying the potential of the
terminal, which is of large capacitance and has a relatively long time con-
stant. The variation in corona load current or electron loading current
must be large to keep the time of response short. Current variations as
great as 1 ma have been used, although the usual range is a few hundred
microamperes. To give a numerical example: Consider a generator
operating at 4 Mv, with a capacitance of 300 uuf, and a control-current
variation of 100 ga. Equation (3-1) can be used to calculate the rate of
change of potential. The time required to change terminal potential by
1 per cent (40 kv) is about 0.1 sec.

The control systems described above can usually be adjusted to main-
tain terminal potential constant to within 0.1 per cent over long periods.
The limit of precision is frequently not the control circuit but the magnet
current stabilization circuit in the magnetic analyzer.

Practical techniques for switching and adjusting ion-source controls
within the high-voltage terminal range from the extremely simple to the
highly ingenious. The classic method is to use strings as insulating belts
extending from the base up within the shielded column to the terminal;
these strings give direct mechanical coupling to the potentiometers and
other controls within the terminal. At the other extreme, beams of light
are projected up the column and activate photocells in the terminal.
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Modulation of light intensity is used to regulate photocell current for
control. In most installations the simplicity and direct mechanical con-
trol of the system of strings have proved to be most satisfactory.

3-9. THE 12-MV GENERATORS

The last word in electrostatic-generator development is in the form of
two supergenerators both originally rated for 12 Mv. One, at MIT,
represents the culmination of years of research and engineering on the
problems of high-voltage insulation by Professors J. G. Trump, W. W.
Buechner, and their associates. The other, at the Los Alamos Scientific
Laboratory, has been designed and built by Dr. J. L. McKibben, a gradu-
ate of the Herb school of accelerator design at the University of Wisconsin.
Both machines are in operation, but at considerably less than the expected
maximum voltage. It is still uncertain whether they can be tuned up to
their original rating as proton accelerators.

The two machines are similar in general outline, but differ in many
features of structural design and in many details. Both are mounted
vertically and pressure-insulated. The most obvious difference is in
the structure of the pressure vessel and the buildings to house the instru-
ments. The Los Alamos machine is an enlargement of the removable-
housing design. The pressure vessel can be lifted bodily off the terminal
column, so the building to house it is five stories high. The MIT pressure
housing is permanently installed in the laboratory building, with a remov-
able cap at the top through which the terminal column can be assembled.
The general designs are illustrated in Figs. 3-15 and 3-16.

A complete description of the MIT generator has not been published,
but many technical details are available in the form of laboratory reports
of the MIT Laboratory of Nuclear Science and Engineering. The follow-
ing description has been made available by courtesy of Professor Trump
(see Fig. 3-15).

The pressure tank is 12 feet in diameter and 32 feet high. It is rated for
400 1b/in.? pressure. The removable tank cover can be lifted by overhead crane
and moved aside for the assembly of the column. A movable working platform
fits inside the tank and around the column. The filling gas used is 809, N, and
20% CO,. This can be pumped into storage cylinders outside the building when
the tank is to be opened. The insulating column is 18 ft long, of which the
upper 6 ft is 8-inch diameter, and supports a 38-inch diameter terminal, and the
lower 12 ft is 60-inch diameter and supports a 68-inch equipotential shield. In
operation at 12 Mv the voltage distribution will apply 4 Mv between the inner
shells and 8 Mv across the outer gap. One belt 18 inches wide is driven by two
5 hp, 1800 rpm motors. Space is available for two accelerating tubes, one for
positive ion acceleration and one for differential pumping. Mercury diffusion
pumps are located below the baseplate. An analyzing magnet on a swivel base
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Fig. 3-15. 9-Mv electrostatic generator at MIT. (Courtesy of J. G. Trump.)

allows the beam to be swung to alternate experimental stations within the large
well-shielded laboratory room.

Under the direction of Professor Buechner, this MIT generator is now
operating as a research instrument, normally at 7 to 8 Mv, but with
maximum proton energies of 9 Mev. It is the highest-energy single-stage
electrostatic generator in operation.
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3-10. ELECTRON ACCELERATORS

Electrostatic electron accelerators have found a large field of usefulness
as sources of high-voltage X rays. The 1- to 2-Mev X rays obtained
have been used with good results in the field of medical therapy and in
radiography of metal castings and forgings.

The electron accelerator differs from the positive-ion accelerator only
in that the terminal is charged to negative potential and a thermionic
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cathode replaces the ion source. However, the cathode does not evolve
gas, as do positive-ion sources, so the vacuum pumping problem is much
simpler and the accelerator tube can be of smaller diameter. Further-
more, voltage stabilization is not so important, since the X rays are dis-
tributed in a continuous energy spectrum having a maximum equal to
the electron energy. Manual control of terminal potential through
adjustment of charging current is usually sufficient. Because of the
smaller tube and simpler construction, an electron accelerator can be
more compact for the same voltage rating.

A number of X-ray generators developed by Trump!?*° and later by the
High Voltage Engineering Corporation have been installed in hospitals
and sold to industrial firms. The most popular model is rated at 2 Mv and
accelerates a beam of about 250 wa of electrons, producing an X-ray beam
of quality and intensity equivalent to the gamma-ray output of 5000
g of radium. Accelerator tubes with permanent cathodes and water-
cooled gold targets are of the uniform-field type developed by Trump
and his associates. The entire instrument is only 3 ft in diameter and
6 ft in over-all length. It is mounted in gimbals, so it can be swung
into any position to direct the X-ray beam.

The most detailed description of an X-ray generator is by Buechner,
Van de Graaff, Sperduto, McIntosh, and Burrill.2 This reports the
results of a design contract with the United States Navy for a group of
2.0-Mv generators for radiographic purposes. The schematic diagram
of this generator (Fig. 3-17) shows the assembly within the pressure tank.

The most successful medical application has been to cancer therapy.
The high skin tolerance for 2-Mev radiation and the great depth of pene-
tration in tissue make it particularly effective for the irradiation of deep
tumors. Exposure from different angles can provide a cross fire of radia-
tion on a deep-seated tumor many times as intense as the skin dose.
Study of therapeutic problems has resulted in a full understanding of the
dosage, the filtering techniques, and the physiological limits. The sharp
beam due to the small focal spot on the target, the freedom from side
scattering at these energies, and the uniform intensity over the radiation
field make this type of X-ray therapy an ideal alternate to radium
therapy.

A recent summary of the medical applications and the experimental
techniques is given by Trump in Glasser’s# “Medical Physics,” vol. 2.

These same properties are advantageous in radiography. In par-
ticular, the small focal spot on the target gives a sharpness of definition
much to be desired in studying flaws in metal castings or in any other of
the uses of X-ray radiography. The low absorption coefficient in metals
for this radiation provides deep penetration.

An alternative use of the electron accelerator is to obtain an emergent
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electron beam through a thin metal vacuum window. This beam can
be used to produce ionization directly in target materials. Since the
beam is essentially monoenergetic, it can be deflected in magnetic fields
or focused to an extremely small focal spot, of the order of 0.5 mm. The
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Fig. 3.17. 2-Mv electron accelerator for generation of X rays, developed at MIT.20

electron beam can be used for many purposes, such as sterilization of
packaged goods or direct irradiation of shallow tumors, with a remarkable
concentration of ionization at the end of the range of the beam. Such
electron beams of controlled energy have also been used in the study of
photonuclear disintegration processes.
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3-11. TANDEM ELECTROSTATIC GENERATORS

The most recent development in the electrostatic-generator field is a
technique for utilizing the terminal potential several times in sequence,
to obtain output energies of two or more times that available in a single
acceleration. The technique involves reversing the charge of the accel-
erated ions in successive accelerations. Such charge-exchange processes
result in a significant reduction in beam intensity. However, for a wide
range of experiments in nuclear research a few microamperes of acceler-
ated ions are adequate, and the higher energy is greatly to be desired.

The concept of the tandem generator has been discussed for many
years and has been specifically proposed by W. H. Bennett*2 and by L. W.
Alvarez.®®* However, the first practical application was made by the
High Voltage Engineering Corporation in a machine constructed for the
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/ terminal
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magnet [
Wﬂ%\ + {HHHHHEHHEH
= — + 3+
u Analyzing
magnet
Electron adding - Gas stripping €

canal canal
lon source

Fig. 3-18. Two-stage tandem electrostatic generator.?2?

Chalk River Laboratory of the Canadian Atomic Energy Agency and
reported by Van de Graaff.2? Figure 3-18 shows a schematic diagram of
the “two-stage’’ tandem principle as used in this machine. The arrange-
ment includes a horizontal pressure tank with the high-voltage terminal
supported from both ends on insulating mounts; an evacuated acceler-
ating tube extends for the full length. When a hydrogen-ion beam
traverses a region containing hydrogen gas at low pressure, the emerging
beam consists of a mixture of protons, neutral hydrogen atoms, and nega-
tive hydrogen ions, in relative amounts depending on ion velocity and
gas pressure. Protons produced in a high-intensity radiofrequency ion
source at one end of the accelerator traverse an ‘‘electron-adding’’ canal
with hydrogen gas at sufficient pressure so that about 1 per cent of the
protons emerge as negatively charged atomic hydrogen ions. These
negative ions are accelerated up the accelerating tube to the positively
charged terminal; there they traverse a “‘stripping” canal with hydrogen
gas where most of them are stripped of their electronic charges and
emerge as protons to be accelerated down the other accelerating tube to
ground potential; the final energy is twice the terminal potential. In
initial tests 1.5 pa of protons was obtained at 13.4 Mev energy, with a
terminal potential of 6.7 Mv.
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The technical features which make the tandem generator practical are
themselves the consequence of long development in several laboratories.
Ion sources capable of delivering several milliamperes of positive ions
through a small canal with uniform velocities have become practical only
in the late 1950s (see Chap. 4). Electrode alignment and beam focusing
in the electrostatic generator have progressed over the years to produce
extremely small-diameter, well-collimated beams. For example, the
stripping canal in the terminal of the Chalk River generator is only
0.18 in. diam; the mechanical and technical perfection of the accelerating
column which allows the beam to be passed through this small canal is
itself the result of many years of development and is primarily responsible
for the success of this machine.

The tandem principle can be extended to more than two stages of
acceleration, but at the cost of inserting additional stages of charge
exchange and further reduction in intensity. Van de Graaff has proposed
a three-stage tandem which would use two double-ended horizontal elec-
trostatic generators in line. Positive ions from an external source would
first be neutralized in a gas-filled canal and would then coast through to
the first negative terminal where they would traverse an electron-adding
canal, accelerate down to ground potential and up to the positive terminal
of the second generator, be stripped to positive ions in the second ter-
minal, and be accelerated down to ground potential again with a total
energy of three times the terminal voltage. Another technique is to use
180° bending magnets to return the beam externally to the ion-source end
of the system and reuse the initial potential differences; with this scheme
the energy could be raised to four times the terminal potential, but the
target would be inside the first terminal.
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Ton Sources

Ion sources for low-voltage de accelerators and for the electrostatic
generator have similar requirements and characteristics. The basic
requirement is a parallel beam of protons, deuterons, or other light posi-
tive ions, aimed along the axis of the accelerating electrodes. There are
few space limitations except that ions should emerge from the source
through a small, round hole on the axis, to maintain cylindrical sym-
metry. Plenty of space is generally available for the electrodes and dis-
charge chamber. Cyeclotron ion sources, on the other hand, have severe
restrictions on dimensions and must operate in the intense magnetic field
at the center of the cyclotron chamber. They are of a special type and
will be described in Chap 6. The purpose of this chapter is to discuss the
problems of positive-ion formation and the several ion sources used in
producing a linear beam of ions.

All ion sources utilize the ionization produced in a gaseous discharge,
but the mechanisms for producing this ionization and for concentrating
the discharge into a small, parallel beam vary considerably. Several
classes or types of source can be recognized, grouped according to the
nature of the discharge phenomena or the different physical arrangements
used to produee the ionization:

1. Cold-cathode canal-ray tube

2. Spark discharge

73
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Hot-cathode arc

Low-voltage capillary are

Discharge in an axial magnetic field

Radiofrequeney electrodeless discharge

Electron oscillation (P.I.G.) discharge

These sources will be described and discussed individually. However, it
is possible to identify several features of an ion source which are common
to all types.

NS e ®

4-1. PROPERTIES OF A GASEOUS DISCHARGE

In all ion sources the ionization is produced by electron impact in a
gaseous discharge. The general requirements are a source of electrons,
a small region of relatively high gas pressure separated from the acceler-
ating tube, an electric field to accelerate electrons and maintain the dis-
charge, and some mechanism for concentrating the discharge and for

o (ion pairs/cm) per electron
N
T

0 ! | ! | I |

V, volts

Fig. 4-1. Ionization efficiency for hydrogen at 1 mm Hg pressure and 0°C, as a func-
tion of electron energy in volts.

pulling positive ions out in a parallel beam. Usually the high-pressure
discharge region is separated from the accelerating tube by a diaphragm
with a small hole. This is frequently combined with differential pumping
between the diaphragm and the acclerating tube to eliminate the gas.
The adjustable parameters of an ion source are electron emission, gas
pressure, voltage across the discharge, magnetic field, size of exit hole,
geometry and surface properties of the electrodes, and the general shape
and dimensions of the enclosing discharge chamber

Ionization occurs in gases when the electron energy equals or exceeds
the ionization potential of the gas. The ionization potential of the
hydrogen molecule, forming H,*, is 15.6 volts; that for the formation of
atomic ions H* from H atoms is 13.6 volts; the ionization potential of
helium to form He* is 24.5 volts; and for Het* it is 54 volts. Ionization
probability increases with electron energy, having a maximum for
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hydrogen at about 75 volts. This function is shown in Fig. 4-1. Elec-
trons make collisions in the gas; their average energy depends on the
energy acquired in a mean free path between collisions and so varies
inversely with pressure. The potential drop across the discharge is
usually considerably greater than 75 volts in hydrogen and depends
strongly on the pressure.

- Many texts! are available which present the theory and observations
on gaseous lonization. It is sufficient here to note only a few of the
pertinent conclusions.

Townsend studied the non-self-maintaining or dark discharges observed
at fields below the spark breakdown limit and developed the theory
known by his name which explains this phenomenon. Suppose a number
of electrons N per second traverse the gas at a distance x from the
cathode. The number of new electrons dN released per second in a
distance dx owing to ionization is proportional to N and to dz:

dN = oN dx (4-1)

The proportionality constant « is known as the “first Townsend coeffi-
cient.” This leads, upon integration, to

N = N 0e*” (4-2)

where N, is the number emitted from the cathode (z = 0) per second.
This can be expressed in terms of the current density in the gas I and the
emitted current density 7, as

1
T:) = € (4'3)

The ratio I/1, is the gas multiplication factor.

In nonuniform fields, such as may exist in ion sources with nonplanar
geometry, the electric field varies from point to point. Since « is a func-
tion of the field, a correct calculation requires summation over varying
values of «, described by the relation

L_ Joes (4-4)

Io

The value of the first Townsend coefficient will depend on pressure,
which determines the number of collisions in a given length of path, and
also on the energy of the electron at the time of collision. This energy
depends on the mean free path (an inverse function of pressure) and on
electric field intensity £. Thus « is proportional to pressure P and also
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to some function of £/P. The customary expression is

a K
P =f (‘p) (4-5)

The value of this function can in principle be computed from the ioniza-
tion probability curve (Fig. 4-1). Usually, however, it is determined
directly from experimental observations. Values of a/P for hydrogen

4r Hydrogen gas d10

y(Na) —

E ( volts )
P \ cm mm Hg

Fig. 4-2. Coeflicients of ionization by electrons and positive ions in hydrogen gas, as a
function of E/P [volts/(cm) (mm Hg)]. The electron coeflicient «/P is in units of
ion pairs/cm at 1 mm Hg and 0°C. The positive-ion coefficient v is the number of
secondary electrons produced at the cathode per positive ion in the discharge.

gas are shown in Fig. 4-2 as a function of E/P. More accurate and more
extensive data can be obtained from the standard texts on gaseous
discharge.

In his early theory Townsend assumed a ‘‘second Townsend coeffi-
cient,”’” which was the ionization per centimeter per positive ion in the gas.
From this assumption Townsend developed his theory of cumulative
breakdown of the gas and expressed the result in terms of his two coeffi-
cients. Direct gaseous ionization is not now believed to be the dominant
mechanism by which positive ions affect the discharge. Other phe-
nomena are more important. Positive ions produce secondary electrons
on striking the cathode surface, with a probability which is a function of



ION SOURCES 77

lon energy and also varies widely for different surfaces. Another impor-
tant mechanism is production of photons in the gas by positive ions
through excitation of molecules, formation of metastable molecular
states, etc. These photons, on striking the cathode, also produce second-
ary electrons, with a probability primarily dependent on the nature of
the surface. The sum of all these effects can be lumped into a coefficient
v, which is the number of secondary electrons entering the discharge per
positive ion. Using this modern form of the second Townsend coefficient,
we find that the current density in the discharge becomes

i_ ead
Io 1 — y(ex — 1)

where d is the electrode spacing.

The expression above reduces to Eq. (4-3) for ¥y = 0. For finite values
of v it leads to a prediction of cumulative ionization or breakdown when
the denominator goes to zero. This Townsend sparking criterion is for

v(ed — 1) =1 (4-7)

Experimentally measured values of the secondary-electron coefficient v
for positive ions are also available for most gases and many cathode
materials, usually presented as a function of E/P. Illustrative curves
for v for two surfaces Na and Pt in H, gas are also plotted in Fig. 4-2.

Under the conditions applying at breakdown, it can be shown! that the
quantity e+ is very much greater

(4-6)

than unity. So the eriterion of Eq. 1,000
(4-7) can be simplified to o 8004
S
verd = 1 (4-7a) . ©00[
> 400H
Using values of /P and v as func-

tions of E/P (Fig. 4-2), it is possible 200r
to compute the electric fields re- 00 I e
quired for breakdown under various Pd, mm Hg cm
conditions. For example, Hale? has
computed the values of breakdown
or sparking voltage for an Ni cath-
ode in H, gas as a function of Pd (pressure times electrode spacing) and
compares these computed values with the measured sparking voltages.
The measured and computed values were in excellent agreement over a
wide range of conditions. Figure 4-3 shows the curve of sparking poten-
tial obtained by Hale. It has a minimum value (about 230 volts) at
about 1 mm Hg gas pressure for 1 cm spacing (or 0.1 mm Hg pressure
for 10 cm). Dimensions of ion sources are in the range between 1 and
10 em, so we can expect H, gas breakdown at minimum voltage to be
obtained with pressures between 0.1 and 1.0 mm Hg. '

Fig. 4-3. Sparking-potential curve for
nickel cathode in hydrogen gas.?
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Some ion sources operate at this gas breakdown limit, where the dis-
charge is self-maintained and limited only by the constants in the external
power-supply circuit. These are the plasma-type sources. The dis-
charge becomes stabilized at that balance of electrons and positive ions in
the gas which leads to the equilibrium condition expressed by Eq. (4-7).

Other ion sources are operated below the breakdown limit and depend
on electron emission from a heated cathode to maintain the discharge.
With a hot cathode the arc current can be controlled and the voltage drop
adjusted to give average electron energies near the optimum shown in
Fig. 4-1.

Gas pressure in the discharge must be relatively high in order to reduce
the required potential to a practical value. Ionization density is directly
proportional to pressure for the same discharge current, so high pressure
is an advantage when ions are to be brought through small exit holes.
In most ion sources the pressure is between 10~! and 10~* mm Hg. How-
ever, gas pressure in the accelerating tube outside the hole must be much
smaller (10~® mm Hg or less) to prevent electrical breakdown. There-
fore, small holes are used in the walls of the chamber and also in the probe
electrodes employed to pull ions out of the discharge; frequently differ-
ential pumping is applied to this region between exit hole and probe to
remove the gas flowing out of the hole. Rather wide variations in the
chosen conditions are noticeable in the several types of sources. Some
have quite low pressures and very large holes. Others use concentrated
discharges at high gas pressure and depend on differential pumping to
remove the gas. Still others are designed for minimum gas flow with
very small exit holes, to economize on the use of rare gases such as H3,
(tritium) or He?® when these are used for source gases. No general con-
clusions can be derived, since each type has been considered best for some
application.

Within an arc discharge a high density of ionization exists. Electrons
(and some negative ions) move toward the anode. Because of their low
mass the mobility of electrons is high, and they move rapidly through the
gas. Positive ions go to the cathode, but because of their larger mass and
lower mobility they take a longer time. An equilibrium is established
with approximately equal numbers of positive ions and electrons, in which
a slight excess of ions produces a positive space charge and a radial elec-
tric field. The potential of the central region, or plasma, becomes 5 to
10 volts positive relative to the walls, so positive ions are forced outward.
In addition, a longitudinal potential gradient develops along the discharge
column just sufficient to maintain cumulative ionization. Under equi-
librium conditions the plasma is an almost uniform mixture of gas, drifting
ions, and electrons, with very low internal potential gradient. In such a
plasma most of the current is carried by electrons because of their much
higher mobility.
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Another feature of the discharge is the sheath which develops near the
walls—a sharp, visible boundary of the region of ionization associated
with the potential drop caused by the difference between the mobilities
of electrons and ions. The outward field for positive ions exists largely
across a narrow dark layer between the plasma sheath and the walls.
Positive ions which originate in the plasma drift to the sheath and are
directed outward, where they can emerge through an exit hole cut in the
wall of the discharge chamber. Other positive ions are attracted toward
the cathode and will emerge through a canal cut in the cathode.

In a molecular gas such as H, the formation of atomic ions (Hit) is
believed to be a complex process involving the intermediate step of forma-
tion of atomic gas (H;) followed by ionization of this atomic gas. Evi-
dence for this is the observed threshold of ionization at the 13.6-volt
lonization potential of atomic hydrogen gas. The molecules can be
either dissociated directly or, more probably, ionized first to H,*, which
then dissociates on collision with another molecule to form H, + H,+.
Wall material is important in this process, since one of the limitations is
the recombination of atomic gas to form molecules at the wall. Another
effect is the recombination of atomic ions with electrons to form atomic
gas, which tends to increase atomic-gas concentration. In the design of
proton sources precautions are frequently taken to control the recombina-
tion processes by such techniques as the use of special coatings or by
maintaining the walls at high temperature.

Positive ions which emerge from the side of the discharge column have
low velocities, equivalent to the 5- to 10-volt potential difference between
plasma and walls. They also have random directions because of thermal
impacts with gas atoms. It is usually necessary to locate a probe elec-
trode outside the exit hole in the wall of the discharge chamber, with a
somewhat larger hole through which ions pass, and to maintain the probe
electrode at a high potential relative to the walls. The electric field due
to this probe potential will penetrate the exit hole and may distort the
electric fields within the discharge. This accelerating field is the first
and most important of the ion lenses used in focusing the beam of emer-
gent ions. The physical shapes of exit hole and probe tip become very
important in determining the focal properties. These problems are dis-
cussed in more detail in the following chapter, but our understanding of
the focusing problem is far from complete. Much is left to the inspira-
tion and ingenuity of the experimenter, and we observe wide differences
in designs and techniques for bringing out an emergent beam.

Tons which strike the cathode have much higher energies. The cathode
fall of potential between the plasma and the cathode may be a large frac-
tion of the total arc voltage. In most arcs the ions emerging through a
canal in the cathode have maximum energies of 100 to 200 volts, and they
have a rather large variation in energy. On the other hand, these ions
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are more sharply collimated in direction than those discussed above,
coming through the side sheath of the plasma. The probe electrode
described above may not be nceded, but an accelerating field is required,
and this first accelerating lens serves the same purpose of focusing the
beam. Geometry again is all-important.

A general characteristic of all ion sources is that they behave best on
bench tests and almost universally fail to reach test performance when
applied to an accelerator. A variety of factors are responsible. In test-
ing a source, the usual method is to measure the emergent ion current
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Fig. 4-4. Canal-ray ion source used by Oliphant and Rutherford.?

after it has been accelerated by a few kilovolts potential applied to a
probe electrode. The beam observed may be strongly divergent, and
only a fraction would be acceptable in an accelerator. Or gas flow may
be excessive, owing to the use of large exit holes. When applied to an
accelerator tube under high voltage, this gas flow might result in break-
down or in excessive electron loading currents. For accelerator use a
source must have small exit holes or differential pumping arrangements to
prevent loading with gas. Furthermore, the total ion beam from a source
is a mixture of singly and multiply charged ions and molecular ions, while
that desired for an accelerator is a single type of ion. As a consequence,
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reports of new high-intensity sources have frequently raised hopes, but
the sources have failed to demonstrate their superiority in service. Pub-
lications describing only bench tests are often misleading. The final test
of a source is the level of stable operation in service, with the beam
focused, accelerated, and analyzed. In the descriptions to follow it is
well to remember that most publications cite beam intensities obtained
in bench tests.

4-2. COLD-CATHODE CANAL-RAY TUBE

The 1on source used by Cockeroft and Walton in their earliest experi-
ments on artificial transmutation was a high-voltage cold-cathode canal-
ray tube. A potential of about 20 kv was required to maintain suitable
discharge currents. A typical design is described by Oliphant and
Rutherford.? The cathode and anode were long coaxial cylinders with
the anode inside and having a sufficiently close spacing to the cathode to
prevent discharges between the walls. The discharge was restricted to
the space around the end of the anode cylinder, just opposite a small hole
in the cathode end plate through which ions emerged. The arrangements
are shown in Fig. 4-4. The discharge was operated at 20 kv and between
10 and 100 ma current. The source was oil-cooled at the base, and the
tip of the cathode could be run at red heat. Gas was admitted through
the base into the interior of the anode. Gas pressure was not specified
but, by comparison with other high-potential discharges, must have been
of the order of 10-2 mm Hg. Magnetic deflection of the accelerated ions
allowed measurements of separated ions. At first the emission was
largely hydrogen molecular ions, but after some hours of operation the
proton component increased to about 20 per cent. Beams of about 1 pa
of protons were normally obtained.

The disadvantage of this source is the wide spread in energy of the
emergent ions. A spread of 20 kv would not be acceptable in modern
accelerators.

4-3. SPARK DISCHARGE SOURCE

Experimentalists in the field of mass spectroscopy have been faced
with the problem of producing ions of essentially every element in order
to complete mass-spectra and mass-defect tables. Intensities required
were extremely low in comparison with present demands for accelerators,
but sensitive detectors were available and exposures of several hours
could be used if necessary to obtain adequate data for analysis. One of
the techniques which was most successful for a wide range of atomic and
molecular ions was the spark source, in which high-voltage sparks were
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developed between electrodes of the chosen material. Typical of such
spark sources are those described by Dempster.

Several of the high-energy accelerators, such as the linac and the proton
synchrotron (see Chaps. 11 and 13), accelerate short pulses of particles to
high energy so the source duty cycle may be as small as 1 part in 10,000.
For example, the proton synchrotron requires a pulse of injected ions of
about 100 usec length at about 5-sec intervals. A continuously operating
ion source is inefficient for such service, and considerable effort has gone
into developing pulsed sources with high peak pulse currents but low
average current.

One of the more intriguing pulsed sources is an ‘“occluded gas’ spark
source reported by Ehlers, Gow, Ruby, and Wilcox* for use with the
pulsed high-intensity linacs at the University of California Radiation
Laboratory. The technique uses electrodes of titanium metal which
have been heated and cooled in a hydrogen or deuterium atmosphere
until the metal is saturated with interstitial hydrogen. Under optimum
conditions about 400 ecm? of hydrogen gas can be occluded per gram of
titanium. The titanium is formed in washers stacked with mica spacers
to form the electrode of a spark discharge chamber. An electrical “delay
line”” of capacitors and inductors develops a voltage pulse of 10 to 20 kv
for a pulse length of up to 500 usec, which is applied across the discharge
chamber. Auxiliary electrodes and fields are arranged to pull out and
focus a beam of atomic-gas ions produced in the spark. Ion currents as
large as 300 ma are observed during the pulse; the intensity decays slowly
with time as the gas occluded in the electrodes is exhausted. With this
source the pulsing rate was limited to one per second to avoid overheating
the Ti electrode. The disadvantages are relatively short life and inclu-
sion in the beam of a large titanium ion component.

4-4. HOT-CATHODE ARC

A common feature of many modern ion sources is the use of a heated
cathode to supply electrons by thermionic emission. Copious emis-
sion can be obtained from heavy tungsten or tantalum filaments or
from oxide-coated cathodes. This source of electrons makes it possible
to operate the arc at considerably lower potentials than required for the
canal-ray discharge. A typical value is 200 volts. As a consequence,
the energy of ions emitted from the source is much more uniform. = It is
also possible to maintain the necessary ionization density at somewhat
lower pressures and so to reduce gas flow. A wide variety of designs has
been used with different arrangements for the cathode, anode, and exit
hole. In general the volume allowed for the discharge is reduced con-
siderably below that used in the high-potential cold-cathode discharge
tubes. Many ingenious devices have been invented to mount the elec-
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trodes and cool them and to concentrate the discharge; a wide variety of
cathode shapes has been employed.

- The use of a hot cathode in a gaseous discharge as a method of increas-
ing positive-ion density was proposed by Langmuir and Jones® in 1928.
One of the first research teams to apply it to proton sources was Lamar and
Luhr® at the Massachusetts Institute of Technology. In these early
designs the cathode served the simple purpose of maintaining the dis-
charge and was located inside a rather large anode cylinder. Ions were
pulled out of the discharge through a canal in a probe electrode which
could be biased with a negative potential. The physical arrangement of
electrodes was not efficient in concentrating the discharge, and ion cur-
rents were low.
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Fig. 4-5. Hot-cathode ‘‘focused beam’ positive-ion source developed by Scott.® A
hollow cylindrical cathode is used, through which the ions emerge.

The next step in the development of the hot-cathode source was the
result of a more deliberate study of the properties of the discharge, as well
as the physical arrangement of electrodes to favor positive-ion emission.
Fowler and Gibson” used a circular-loop filament close to and surrounding
the exit canal through which positive ions produced in the discharge could
emerge. Beams of several milliamperes of positive ions were produced in
bench tests, but with a large-diameter canal and with a small atomic-ion
fraction.

A thorough empirical study of the hot-cathode arc was reported by
Tuve, Dahl, and Hafstad® using a variety of arrangements for the elec-
trodes and the probe. The best arrangements gave about 25 ua of
resolved protons after acceleration. This report came after the Carnegie
Institution group had found that they could obtain higher intensities from
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a capillary are, but the simpler hot-cathode source was satisfactory for
several years of operation with the Carnegie electrostatic generator.

One of the most impressive bench tests of a hot-cathode hydrogen-ion
source was reported by Scott.® The design was based on the conclusions
reached in a theoretical analysis of ion sources by Smith and Scott;'° the
test apparatus is shown in Fig. 4-5. The most significant feature was a
cylindrical cathode of large area to give high electron emission, aligned
along the axis of the arc so that the positive ions emerged in a parallel
beam through the cathode cylinder. The cathode was formed of nickel
strip, oxide-coated for emission and heated by a low-voltage supply.
The anode was water-cooled and located close behind the cathode, with a
cup in the surface into which the gas was admitted and into which the
electrons plunged from the cathode. With a cathode-anode potential
difference of about 800 volts, positive-ion beams as large as 4 ma were
obtained on bench tests, including nearly 50 per cent protons. The chief
advantage of the source is in the high beam densities obtained because of
the focusing action of the accelerating fields. However, the experiments
reported did not use a canal to provide a pressure differential, and the gas
flow from this source was too high to apply directly to an accelerating
tube.

4-5. CAPILLARY ARC

The ionization density in the plasma of a low-voltage hot-cathode arc
can be increased by concentrating the discharge in a constriction between
cathode and anode. This constriction, or capillary, not only increases
current density in the are, but makes it possible to choose the wall surface
to improve the atomic-ion concentration. In the constriction the high
ion density forces the plasma sheath close to the walls. Positive ions are
ejected radially through the sheath and can emerge through a small aper-
ture in the wall of the capillary with only 5 to 10 volts variation in energy.
Furthermore, if the wall material has a large coefficient of recombination,
positive ions will rebound as neutral atoms, releasing thermal energy and
heating the gas as well as increasing the atomic-gas component. Ioniza-
tion in this atom-rich gas will yield a higher proportion of protons. A
double advantage is gained: increased beam intensities and increased
atomic-ion percentage.

The first report of such a capillary arc was by Tuve, Dahl, and Van
Atta,!! in which they credited Dr. F. L. Mohler of the National Bureau of
Standards with the suggestion. They first used a quartz capillary,
but then found that a metal capillary, the potential of which could be
adjusted, gave equivalent results and had longer life. A later report by
Tuve, Dahl, and Hafstad!® gave a good diagram of the source (Fig. 4-6).
The capillary was transverse to the direction of the emitted ion beam,
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with anode and cathode in separate enlarged chambers on the two sides.
A probe with a small-diameter hole was located outside the 1-mm canal
in the side of the capillary. Potentials of up to 7 kv were applied to
extract and focus the ions. Beams of over 1 ma of ions were obtained on
bench tests, with over 30 per cent protons.

Experience in other laboratories brought recognition of the advantages
of the capillary-arc source and extended the development. Lamar,
Samson, and Compton'® started on similar studies at the Massachusetts
Institute of Technology. Lamar, Buechner, and Van de Graaff!s1s
described a series of sources. In some they revived the use of quartz or
Pyrex capillaries to increase the atomic-ion output. The MIT sources
were characterized by very short capillaries and small exit holes. Ions
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Fig. 4-6. Metal-walled capillary arc, by Tuve, Dahl, and Hafstad.!2

diffused out of the hole at low velocity, and no high-voltage probe was
used. Ion beams of several milliamperes were obtained with atomic-ion
percentages up to 40. A differential pumping outlet was usually located
just outside the exit hole. However, when applied to the electrostatic
generators for which they were designed, the sources have in almost all
instances so loaded the accelerating tube with gas that it would not hold
voltage. Lower gas pressures and lower beam currents were found nec-
essary in order to maintain voltage on the accelerator. As a conse-
quence the available ion intensities have not proved to be practical, and
in operation the sources were run below maximum yield.

Zinn'® developed a capillary arc with an interesting axial geometry
which still maintains the constriction but pulls ions out of the capillary
along the axis (Fig. 4-7). This source is one of the most highly developed
and has resulted in beam currents up to 500 ua when used with a low-
voltage accelerator. Total ion currents up to 4.3 ma were reported, usmg
a canal 1 mm in diameter and 6 mm long through a probe electrode main-
tained at 10 kv potential. Magnetic analysis showed that the beam
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included 15 to 20 per cent protons. The potential drop used for the arc
was about 100 volts, although higher potentials were required to start it;
the maximum arc current was about 2 amp. Pressure in the arc was
estimated at 3 X 10?2 mm Hg, and gas consumption was measured as
15 ecm? of hydrogen or deuterium at atmospheric pressure per hour.
Allison!” reported on a rugged capillary-arc source which has given
good service for 8 years in a 400-kv accelerator. It operates on an arc
current of 0.75 amp and consumes 25 cm? of gas per hour, producing a
total beam current of 1.1 ma with a probe potential of 3500 volts. About
50 pa of resolved atomic ions are magnetically analyzed and focused on

the target.
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Fig. 4-7. Axially concentric capillary arc developed by Zinn.!¢

Timoshenko,!® following the MIT development, built a high-intensity
source using argon gas which produced 400 ua of singly charged argon ions
through a 1-mm-diam exit hole.

4-6. MAGNETIC ION SOURCE

Axial magnetic fields can be used to concentrate the discharge in a hot-
cathode arc in the region near the exit hole where a high density of ioniza-
tion is needed. Several functions are served by the magnetic field. The
electron beam is tightly collimated (see Sec. 5-5), so the discharge is
limited to a cross-sectional area essentially equal to the area of the emit-
ting surface of the cathode. The yield is also increased because the field
keeps positive ions from diffusing to the walls of the chamber and being
lost. The ratio of ion density to arc pressure is thus higher in the pres-
ence of the magnetic field. To reach maximum effectiveness the average
radius of curvature of ion paths in the field should be about the size of the
exit hole. The magnetic field required can be computed from typical ion
velocities to be of the order of 1000 gauss. In practice, an optimum field
of about this magnitude is observed.
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The use of a magnetic field does not make the magnetic ion source a
unique type. This technique of concentrating the discharge can be
superimposed on other types such as the capillary arc or the rf source to
increase ionization density in the
discharge. It is also useful in con-
centrating the electron oscillation
discharge to be described later.

.. One of the early ion sources which

employed an axial magnetic field to Cathode
concentrate the discharge in a hot-

cathode arc was reported by Bailey, — Axial magnetic
Drukey, and Oppenheimer.!® Fig- field coil
ure 4-8 shows the location of the — Arc chamber

field coil around the arc chamber,
designed to produce a field of 1000
gauss within the chamber. The arc - Probe electrode
itself uses a tight spiral tungsten
filament to maintain the discharge.
The magnetic field collimates the
emission from this cathode, so a
beam of electrons is projected into
the field-free region in which ioniza-~
tlon, occ.urs. :Fons emeljge frorp Fig. 4-8. Magnetic ion source using a
He-in.-diam exit hole on' the axis hdt-cathode arc, by Bailey, Drukey, and
and are accelerated and focused by  Oppenheimer.1®

the potential of 3 to 5 kv on a probe

electrode. The report describes a beam of 500 pa of resolved atomic
ions after acceleration to 200 kv.

Setlow?° described a source which is similar in principle but was not
equipped with the necessary probe canal and differential pumping to use
with a high-voltage accelerator. It was intended as the source for a
single-stage resonant-cavity radiofrequency accelerator in which gas
pressure and breakdown of insulation were not limiting factors. Because
of these unusual opportunities, larger apertures could be used, resulting
in extraordinarily high beam intensities. When pulsed with a duty
cycle of 250 usec 60 times a second, peak ion currents of 100 ma were
obtained, with 30 to 40 per cent protons.

The most intense ion source of the low-voltage, hot-cathode, magnetic-
field-concentrated type described in the published literature was reported
by Lamb and Lofgren?! of the University of California Radiation Labora-
tory (UCRL). It represents the culmination of many years of develop-
ment of high-intensity sources for the large-aperture, high-current linear
accelerators developed in the UCRL and in the Livermore laboratory of
the Atomic Energy Commission. It was used as an injector for the

——Exit hole
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““A-48” proton linac at Livermore (see Chap. 10). It isliterally a monster
source in all respects—in size, power requirements, and cost, as well as in
the phenomenal beam intensity obtained. The output beam current of
ions was 750 ma (95 per cent atomic ions) at 85 to 100 kv energy; the
beam was very broad and could be focused only to a 3-in.-diam spot with
+5° angular spread. A very large and powerful solenoid magnet around
the discharge region of the source supplied 7000 gauss at the location of
the arc aperture, and a second solenoid provided magnetic focusing for
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Fig. 4-9. Duo-plagsmatron ion source.?

the emergent beam. The aperture was a 34-in.-diam circle of twelve
1¢-in. holes, and two 20-in. mercury-diffusion pumps were used to evacu-
ate the blast of gas emerging through the holes. This tremendous source
should make practical the dream of accelerator designers for a really high-
intensity accelerator.

A somewhat more elegant development of the hot-cathode magnetic
ion source is due to von Ardenne.?? This device, christened the ‘“duo
plasmatron’ by its inventor, was evolved in the U.S.S.R. and in East
Germany. The most important innovation in this source is concentra-
tion of the magnetic field at the exit hole by an ingenious combination of
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electromagnet and electrodes in a structure where the plasma-forming
electrodes are also the poles of a small electromagnet (Fig. 49). Thus
the plasma is formed only in the region where it is useful. In his original
publication von Ardenne claimed output currents as high as 500 ma
through a 1-mm-diam hole. He claimed further that almost all the
escaping gas is ionized and that almost all ions are protons. The
current and exit-hole diameter mentioned indicate ion current densities
of the order of 100 amp/cm?  Later studies of this ion source substanti-
ate this figure, although developments have been in the direction of 10- to
100-ma sources with smaller exit holes. Analysis of the ion beam indi-
cates that at least two-thirds of the emitted ions are protons. The source
has been studied extensively at Oak Ridge?? and elsewhere in the United
States. It is now available commercially from the High Voltage Engi-
neering Corporation of Burlington, Massachusetts, and from the VEB
Vakutronik Corporation of Dresden, East Germany.

4-7. RADIOFREQUENCY DISCHARGE

The electrodeless discharge which can be produced in gases by radio-
frequency fields is a well-known phenomenon. An axial magnetic field is
often used to enhance the ion yield. One advantage of the electrodeless
discharge is that cathode life is not a limitation. Another is that the
electrons circulate in orbits through the gas, multiplying the probability
of collision and increasing the atomic-ion concentration. The ions are
removed through a canal in a probe electrode inserted into the discharge
chamber along the axis of the discharge and of the magnetic field; probe
potentials of a few kilovolts are required. The chief technical problems
have been to concentrate the discharge in a small volume and to feed the
rf energy into the discharge. The application of this type of discharge to
the production of positive ions has been investigated by several experi-
menters in England?*? and in Canada.?® Frequencies of 100 to 200
megacycles were used, developed in resonant circuits with a coil of a few
turns surrounding the discharge chamber. The rf power required was
quite low, of the order of 100 watts. On bench tests the ion output
looked encouraging, and the large atomic-ion percentage (about 50) was
favorable.

A radiofrequency source of advanced type which combines most of the
advantageous features has been described by Hall.?” He used very high
frequencies (450 megacycles) and a small barrel-shaped quartz discharge
chamber about 14 in. in diameter and 34 in. long placed at the open end of
a resonant quarter-wave coaxial transmission line. An axial magnetic
field of 1000 gauss was produced by a coil surrounding the discharge tube
and was found to increase the ion yield greatly. The physical arrange-
ment is shown in Fig. 4-10. A 1-mm hole in the end of the chamber
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allowed the ions to emerge into the first accelerating gap, to which a
differential pumping outlet was connected. The pressure in the quartz
discharge chamber was roughly 0.1 mm Hg, and the gas flow was about
30 cm?/hr at atmospheric pressure. This source was applied to a 120-kv
accelerator, and the results reported are for focused and accelerated ions
at the target. Hall reports obtaining 400-ua beams containing 60 per
cent protons, with an oscillator power of 60 watts.

Probe ( -2,000v)/i b

Fig. 4-10. Radiofrequency discharge ion source developed by Hall.2” An electrode-
less discharge within a quartz cavity is concentrated by an axial magnetic field.
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operated under pulsed condltlons At the CERN laboratory i Geneva,
Switzerland, ‘d- radlofrequency source- #ields “eurrents of ‘the’ order of
100'ma in pulses 10 usec long.2® »This soui*ce reqmres about 7 kw of r&dto~
frequency power at 139 megacycles R 2 S, TRO

4-8. ELECTRON’JOSCILLATION (P.I.G.) ION SOURCE

~.One of the most recently developed high-intensity ion sources utilizes
electron oscillations to increase the density of ionization in the discharge.
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This principle was first utilized in the Philips laboratories ionization
gauge, and ilon sources.of this type are frequently known as P.I.G.
sources. The principle was presented by Penning?® in 1937 and was
incorporated in the Philips gauge immediately. The first practical ion
source of this type was reported by Finkelstein?® in 1939, but it received
relatively little attention for some years. With the developing need for
high-intensity pulsed sources, the technique was revived by a group at
the University of California as a pulsed source for an electrostatic gener-
ator feeding a proton linear accelerator.. A detailed discussion is given
by Backus?®! in the National Nuclear Energy Series, and a description of a
revised source is given by Gow and Foster.3?

The mechanism of the discharge can be described by reference to Fig.
4-11, which shows the Gow and Foster source. The discharge occurs
between a cylindrical anode and two disk-shaped, secondary-emission
cathodes at the ends of the anode cylinder. - Hydrogen gas pressure of
about 2 X 10~2 mm Hg, an axial magnetic field of about 1000 gauss, and a
potential difference of a few hundred volts between anode and cathodes
provide the necessary conditions for the discharge. An electron released
from either cathode will be accelerated into the anode, its radial motion
constrained by the magnetic field. As it coasts through the field-free
region inside the anode, it loses some energy to the gas and produces some
lon pairs, so it emerges from the anode with less energy than on entering
and is retarded and reflected by the negatwe potential of the other
cathode. The electron then reenters the anode and continues the axial
oscillation until its energy is reduced: below that required for ionization.
Eventually it drifts to the anode to become part of the external-circuit
current. The average energy required to form an ion pair in hydrogen is
about 35 ev, so each primary electron can form 5 to 10 ion pairs. The
secondary electrons formed by ionization also oscillate axially, but since
their energy is low, they are less effective in ionization.

Positive ions formed in the discharge are also constrained by the mag-
netic field to motion in the axial direction. When the ions approach the
cathode, they are accelerated toward it and strike with several hundred
electron volts.energy. With suitable cathode surfaces each positive ion
releases several secondary electrons on impact. If more secondaries are
produced than the number of ions formed per primary electron, the dis-
charge will become cumulative and the current will increase until ‘it is
ultimately limited by the external circuit. ‘The discharge will stabilize
as a self-maintaining phenomenon at that balance of current and poten-
tial drop which results in equal numbers of ions per electron and electrons
per ion. A plasma column forms through the center of the anode,
terminating in a thin cathode sheath at the surface of each cathode. This
sheath is estimated to be about 0.01 ¢m thick from considerations of the
space-charge limitation of emission of secondary electrons from the
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cathode surface. Most of the potential drop in the discharge occurs
across this cathode sheath, and it is here that the oscillating electrons are
turned back. The diameter of the plasma column is small, with a suit-
able constraining magnetic field; in the source illustrated in Fig. 4-11 it
was observed to be about 3{¢ in. diam.

The primary advantage of this source over the hot-cathode type is in
the large ratio of ion current to electron current in the discharge. With
the hot-cathode type, this ratio depends on the ratio of velocities (the
mobility) of ions to electrons and is of the order of (m./m,)*, which for
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Fig. 4-11. Electron oscillation ion source by Gow and Foster,*? based on the P.I.G.
principle.

hydrogen is about 0.03. With the oscillation source the number of ions
formed per electron from the cathode is increased by a factor of 5 to 10,
and up to 0.3 of the current is carried by positive ions. This concentrated
blast of positive ions striking the cathodes allows a relatively large
number to emerge through a canal cut through one cathode. For
example, if the arc current is 2 amp, about 400 ma of positive ions will
strike a 34¢g-in.-diam spot on one cathode, and as much as 1.5 ma can
emerge through a 0.030-in.-diam canal. This estimate is in good agree-
ment, with the observed emergent beam intensities. The ratio of atomic
to molecular ions improves with current density, as would be expected
from such a concentrated discharge, and the atomic component is
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observed to be about 60 per cent of the total ion output in practical
sources.

Cathodes must have large secondary-electron-emission coefficients
under positive-ion bombardment. An oxide film on the cathode surface
plays a key role. The mechanism of secondary emission is believed to
involve a layer of positive charge built up on the surface of the oxide
layer by the positive ions. This provides extremely high electric fields
across the layer, pulls electrons from the base metal by field emission,
and releases them into the discharge. The base metals which have
been found most satisfactory on tests are aluminum and beryllium.
Others, such as magnesium and duralumin, are subject to loss of the
oxide film and erosion by sputtering of the metal. The oxide layer on
aluminum or beryllium cathodes wears away after some period of opera-
tion and must be replaced. Oxidation can be accomplished by heating
and decomposing silver oxide in a side tube with the discharge running.
Such conditioning takes about 14 hr and must be repeated after about
100 hr of normal operation of the source.

The positive-ion beam emerging from the cathode canal is accelerated
and focused by potentials on a probe electrode and by successive acceler-
ating electrodes which act as ion lenses. The potential on the probe, of
5 to 15 kv, determines the beam current. This probe lens is divergent by
itself, but the conical shaping is arranged to give a beam as nearly parallel
as possible. Focusing is accomplished primarily by the lens between the
probe and a following accelerating electrode. In continuous operation
the source will produce over 100 ua of resolved protons, limited by heating
of the source and by discharges in the accelerating tube.

The P.I.G. source has been very successful when applied to pulsed
operation. With a pulse duty cycle of 1{ o or smaller, the heating in the
discharge can be readily controlled, and high current densities are used.
Proton beams of 5 to 50 ma peak current during the pulse have been
obtained after acceleration to several Mev in linear accelerators and
electrostatic generators. A real advantage of this source over others
offering equivalent beam intensities is the low gas flow through the small
cathode canal, of the order of 25 cm3/hr at standard conditions. This
allows the source to be used without differential pumping at the probe
canal.

A modification of this electron-oscillation source has been highly suc-
cessful as a cyclotron ion source?® (see Chap. 6). The secondary-emission
cathodes avoid the cathode life limitations of hot-cathode sources, and
the strong axial magnetic field in the cyclotron is helpful in collimating
the discharge. In the cyclotron application, instead of ions being pulled
out through an aperture in one of the cathodes, they emerge through a
slit along the side of the discharge column, which can extend over much
of the internal aperture of the cyclotron electrodes. As a result, very
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high intensities can be obtained, roughly proportional to the aperture of
the slit.

The advantages of the cyclotron modification of the P.I.G. source,
with its long-slit geometry, are retained in a source described by Anderson
and Ehlers,?* which is intended for use with a linear accelerator. They
use a transverse magnetic field to deflect and analyze the emergent beam
from the slit, so as to obtain a momentum-analyzed beam of ions. On
emerging from the deflecting magnet, the beam is broad in the direction
of the slit and has angular divergence in the other coordinate, so it must
be further focused to provide a beam of suitable geometry to be used in
linear acceleration. Such a diffuse beam is suitable for a linac of large
aperture, but not for small-aperture accelerating structures.
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Particle Motion in Electric and

Magnetic F ields

The accelerator designer depends heavily on two mathematical tools.
The first is Maxwell’s statement of the interrelation of the components of
clectric and magnetie fields, and the second is the formulation of Newton’s
second law of motion for charged particles in these fields. In this chapter
these relations will be tabulated and presented in the coordinate systems
most useful for application to accelerators. They will then be applied to
two general classes of problems.

The first class of problems relates to the accelerating systems of direct-
voltage accelerators described in the preceding chapters, including the
problems of focusing particle beams which travel in straight lines.
Focusing analysis is required in the design of systems for extraction of
beams from ion sourees. Furthermore, in many high-energy accelerators
the attainable electric accelerating fields are not strong enough to reach
high energies in short accelerating chambers, so focusing systems are
necessary which will maintain beams of small eross section over long dis-

tances. Tour focusing systems will be discussed: the electrostatic lens,
96
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the axial-magnetic-field lens, the alternating-gradient lens, and the mag-
netic edge-focusing lens.

The second class of problems relates to the orbits of charged particles in
static or slowly varying magnetic fields. A foundation will be laid for
the discussion in chapters to follow on the circular magnetic accelerators
such as the cyclotron, the betatron, and the synchrotron. Superficially
these machines are radically different. But the basic arrangement
of fields is the same in all three: a magnetic field restrains the motion
to a roughly circular orbit, and tangential electric fields provide the
acceleration.

5-1. MAXWELL’S EQUATIONS

For the derivation of Maxwell’s equations from the results of experi-
mental physics the reader is referred to any text on electromagnetic
theory. Here we shall merely tabulate these equations in the forms most
useful to the accelerator designer. In vectorial form they are as follows
(in rationalized mks units):

div E = i:
divB =0
_ B (5-1)
curl E = — >
JE

curl B = ul + pe o

where E = electric field strength, volts/m
B = magnetic flux density, webers/m?
= charge density, coulombs/m?
current density, amp/m?
= permeability of the medium, henrys/m
= dielectric constant of the medium, farads/m

A T v
i

In free space
p,=/40=41r><10_7
1
= = - —9
€= € = g x 10
so that ueeo = 1/¢?, where ¢ is the velocity of light in free space.
In rectangular coordinates Maxwell’s equations are as follows:
ok, oE ok,
a9z

ax+ay+

=2 (5-2)

At the head of the facing page are pictures of the three men who laid the foun-
dations for the study of particle dynamics: Isaac Newton, James Clerk Maxwell, and
Albert Einstein.
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dB, 4B, , 9B,

o -+ 7 + Fyl 0 (5-3)
9E, OE, 9B, |

oy o0z ot

0E, 9E. 4B,

8z  9x ot - (54
0E, oE. 9B,

9 8y -at—

9B, B, _ OF,

dy 0z at o
a£, — aa% = ul, + pe ‘%} (5-5)
aB, 9B, _ OE,

or dy ot

In accelerator design the cylindrical coordinate system is probably the
most useful. In cylindrical coordinates Maxwell’s equations are

19, 1 an P
P (rk,) + — =" (5-6)
19 1 aBo _
1% _ a_E_e __ @._r
r 96 dz EY
dE, 9K, 9By
9z - or  at (5-8)
19, . 19E, 9B,
s TE) — S = — 7
10B. _ 9By _ OF,
r 96 9z it
dB, 9B, _ oE,
3% oy — Mot e (5'9)

1B, OE,
ot

In a static electric field the field components can be derived from a
potential function V by the vector relation E = — grad V. In rectangu-
lar coordinates ,

v v av

Ez:_—b‘(; Ey=’—-5§ E2="—FZ‘ (5—10)

In cylindrical coordinates

_v e YV e Y sy

E= - PREY: X
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In dynamic fields a more sophisticated representation in terms of scalar
and vector potentials is necessary. Since no use will be made in this
book of this representation, it will not be included here.,

When the first Maxwell relation is written in terms of the potential
function V it becomes

divgrad Vv = —°

€

In this form it is known as Poisson’s equation. If the charge density p is
zero, the same equation is referred to as Laplace’s equation.

5-2. EQUATIONS OF MOTION

Charged particles are accelerated in the direction of motion only by
electric fields. Magnetic fields exert forces at right angles to the direction
of particle motion and to the direction of the magnetic field. In vector
notation the equation of motion of a particle of charge ¢ and mass m in a
combined electric and magnetic field is

dit (mv) = ¢E + ev X B (5-12)
In rectangular coordinates Eq. (5-12) becomes
d . . :
7 (mi) = eE, + eyB, — esB,
C% (my) = e, + esB. — ¢iB, (5-13)
% (m2) = eE, + eiB, — eyB,

where the dots indicate differentiation with respect to time. In cylin-
drical coordinates Eq. (5-12) is

%(W‘) — mrf® = ¢E, + erB, — esB,
28w = eBy v B — B, (514)
% (m) = oB. + eiB, — erdB,

\

All particle motions in accelerators follow from special cases of these
equations. For nonrelativistic motion the mass m is a constant. For
relativistic motion m = m,(1 — v?/c?) =" where m, is the rest mass of the
particle,
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5-3. THE ELECTROSTATIC LENS

From early work on the formation of electron beams in X-ray tubes and
other electronic devices it was well known that a sequence of accelerating
electrodes with cylindrical symmetry had lens-like properties. This is a
consequence of the radial components of the fields around and between
the accelerating electrodes; these field components will act either to focus
or to defocus deviant particles in the accelerated beam.

Early studies of ion-beam focusing by Tuve, Dahl, and Hafstad! were
largely empirical and consisted of observations of the focal properties of a
variety of electrode arrangements. The first accelerating gap between
ion source and accelerating column was found to be the dominant lens.
Studies were made with various sizes of cones, cylinders, and planes, and
with one and two gaps. The properties of such electrostatic lenses were
determined qualitatively as a function of electrode potentials and ion-
beam energy. It was found that almost any arrangement of electrodes
could give reasonably good focal properties if electrode potentials were
properly adjusted. The results were used chiefly to design electrodes so
that inconveniently high voltages were not required.

Buechner, Lamar, and Van de Graaff? investigated focusing by electro-
static lenses using photographic detection of the focused beam. They
were able to show that beam divergence due to space-charge forces could
be compensated by appropriate lens design. Eventually the group at
the Massachusetts Institute of Technology was able to report focal spots
as small as 1 mm in diameter at distances as great as 10 ft from the ion
source. Important to this success were precise construction and align-
ment, large lens apertures, and carefully regulated electrode potentials.

In all this early work the results were largely empirical and applied
only to the particular electrode configuration tested. It was difficult to
separate the optical properties of the source and its electrodes from those
of the accelerating tube.

The first attempts at theoretical analysis of electrostatic lenses came in
the field of electron optics, stimulated by the requirements of electronic
devices such as the cathode-ray tube and the electron microscope. Elec-
tron optics is now a mature field and its results are to be found in many
textbooks, such as those written by Zworykin,3 Pierce,* Cosslett,® and
Terman.® We present here the basic treatment of electrostatic lenses
with cylindrical symmetry around the beam axis.

We assume that, whatever is the particular electrode configuration, it
yields a potential distribution along the z axis which we represent by

Vir =0) = Vo(z) (5-15)

Also we assume that this potential is referred to a zero at a point where
the particle energy is zero so that V is a measure of particle energy. The
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particle energy 7' in electron volts is given by 7 = —V. We now can
satisfy Laplace’s equation if we write for the potential in the region where
r is not zero

r2d*Vy . rt dtV,

Vi=Vo— T 0 T6a dt —

(5-16)

From this potential function we can derive the axial and radial field com-
ponents. For most lens systems it is necessary to retain only the leading
terms in the expansions, so we shall use

B = — Wo
= dz
v r d*V, (5-17)
T2 g2
The radial equation of motion (m# = eE,) can be written
. dr o d¥r
mi - + mz i ek, (5-18)
But mé = el, = — ed;;f’ and mz? = —2eV
so Eq. (5-18) can be rewritten
1.7 123
Ve + ~VZ—7° + % =0 (5-19)

where the primes indicate differentiation with respect to z. This “par-
axial ray equation’ is well known in electron optics. It does not lend
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Fig. 5-1. Convergent aperture lens showing equipotentials for £, > E,.

itself to precise solution, but it has been solved numerically for a variety of
cases. The results can be found in great detail in Terman’s Handbook. 6

For weak lenses some of the properties of the electrostatic lens can be
derived from approximate solutions of Eq. (5-19). Two types of lenses
are of primary interest. The first type is the aperture lens shown in Fig.
5-1. In this lens the ray travels from a region of constant E, = E,
through an aperture into another region of constant £, = E,. Focusing
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occurs in the region around the central aperture. The focusing region is
short and the radial displacement of the particle does not change appreci-
ably as it passes through this region. In this case it is appropriate to
write Eq. (5-19) in the form

d o, rd[V\ _
aﬂVJrzd—z(?)—“

In view of the approximate constancy of r, we can integrate this relation

to give
, rV’ e rv’
(7. V + T) final - (r V + 4 ) initial

If, initially, the beam was traveling parallel to the axis so that the initial
value of 7’ is zero and if we note that (—r/r" ). 1s equal to the distance
the beam will travel before it crosses the axis, we can rewrite the inte-
grated equation in the form

- (d) — V,final - V,initial — E2 - El (5_20)
final

r 4V 4T

where V is the potential of the central diaphragm and f is the focal length
of the system. We have thus shown that (for accelerating fields) if the
second field is the stronger, the lens is converging; if the first field is
stronger, the lens is diverging. If the fields are decelerating, the converse
will be true.

A second type of electrostatic lens is that produced by the field between
the ends of two coaxial cylinders. In Fig. 5-2 we show the case where
the two cylinders have the same diameter. In the lower half of the
figure, plots are included of V, V’, and V"’ along the axis of the system.
Equally useful as lenses are other examples of this configuration in which
the cylinders have different diameters. This lens class differs from the
class described in the last paragraph in that the particle travels from a
region of zero field, traverses the lens, and enters another region of zero
field. Consequently, a different mathematical approach is appropriate.
In this case we rewrite the paraxial ray equation (5-19) in the form

d d

T VA VRV 4 3 r VRV = 0

When this equation is integrated between entrance and exit points
through the lens, the second term disappears since V' is zero initially and
finally. In its integrated form the equation becomes

i, 3 exit )
(" VA finat — (rlvh)initial = / rV2V—" dz
€

16 ntrance
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As in the previous case, the radial displacement r will not change appreci-
ably during passage through the focusing region. Also, if the lens is
weak, the difference in potential between the cylinders will be small com-
pared with the absolute value of V. If the initial value of 7’ is zero (ray

&) o

Fig. 5-2. (a) Two-cylinder lens showing equipotentials. (b) Variation of axial poten-
tial V and of its first (V') and second (V') derivatives in the two-cylinder lens.

parallel to the axis), we can write the integrated equation in the approxi-
mate form '

1 — ,—Tf/inal
f | T'initial
r2
= + 1—?:3 (avg value of %) (5-21)

Since the right-hand side of this equation is always positive, lenses of this
type are always converging lenses regardless of which cylinder has the
higher potential.

This result could have been predicted on qualitative grounds. The
character of the particle path through an accelerating and a decelerating
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lens of this sort is shown in Fig. 5-3. In the accelerating lens the fields
around the gap force the particle inward as it approaches the gap. At the
gap it is accelerated, and it proceeds through slightly weaker radial fields
pushing it outward. Its velocity is higher, so these weaker fields have
even less effect and it is pushed outward less than it was originally
deflected inward and leaves the lens with an inward component of radial
velocity. In the decelerating lens the particle is pulled away from the
axis as it approaches the gap. Leaving the gap with decreased velocity,
it enters a focusing field stronger than it felt before, and it also leaves the
lens with an inward velocity component.

Particle trajectory Electric field
XW/// 222277777 222 2223

Ve Ve P N AN

/ s N, \‘ \
W L7222 2l 2Rl 22 222227 ) | # . / L i

Y

(b) -

il L L

Fig. 5-3. Particle trajectories in (a) accelerating lens and (b) decelerating lens.

The focal lengths for accelerating and decelerating lenses of this type
will differ slightly because of the somewhat different orbits traversed.
In Fig. 5-4 focal lengths are plotted for lenses having cylinders of the same
diameter for the two cases. The coordinates used are the ratio of focal
length to cylinder diameter and the ratio of the cylinder voltages; with
these units the plot is independent of units or dimensions. These graphs
were obtained by numerical integration of the paraxial ray equation
through fields computed for this particular geometry.

The theoretical approach presented above is somewhat naive; more
sophisticated discussions will be found in the references cited. Detailed
studies of electrostatic lenses show many analogies with optical lenses.
A more precise treatment can be made to show the presence of principal
planes and focal points similar in every way to the cardinal points of
optical systems. Aberrations of the sorts observed in optical systems are
also present. This is particularly true if the beam diameter is a large
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fraction of the diameter of the focusing electrodes since, in this case, many
of the assumptions made in the derivation of the paraxial ray equation
are no longer valid.

The properties of a two-cylinder electrostatic lens are profoundly modi-
fied if a conducting grid is placed across the end of one of the cylinders.
With a dense grid the field approaches that between a cylinder and a
plane, effectively removing either the focusing or the defocusing half of
the two-cylinder lens field. A grid across the second cylinder of an
accelerating lens makes the lens strongly focusing; one across the end of
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Fig. 5-4. Focal lengths for double-cylinder lenses.

the first cylinder makes it defocusing. The grid will obstruct a portion
of the aperture and reduce beam transmission. Yet if the grid is made
too transparent, field penetration through it will reduce its effectiveness.
A practical compromise which does not reduce beam intensity unduly has
made the grid lens useful for some linear-accelerator applications (see
Chap. 10). Grids are used also in lens systems for focusing beams from
accelerator ion sources.

Also of interest to the accelerator designer is the ion optical behavior of
a uniform accelerating field with no radial components. In this system
the particle trajectory is modified because the paraxial velocity is con-
tinually increasing although the radial velocity component is unaffected.
Consequently a diverging beam tends to be slightly converged during
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acceleration and a converging beam has its convergence slightly decreased.
The general tendency during acceleration is to bring the beam closer to
parallelism., ,

Many combinations of focusing fields have been used with the various
direct-voltage accelerators. A typical system used in the Van de Graaff
preaccelerator for the cosmotron (see Fig. 3-13) includes a probe electrode
maintained at a potential of the order of —20 kv with respect to the ion
source, a focus electrode maintained at about — 10 kv, and an accelerate
electrode at about —60 kv with respect to the ion source. The potential
difference between source and probe is kept high to extract as large an ion
current as possible. The diverging beam is decelerated in the focus
electrode so that it can more easily be focused ; then the beam (reduced in
diameter and more nearly parallel) is carried through the accelerate elec-
trode into the uniform field of the accelerating column. Electrode poten-
tials are computed and adjusted to give the desired beam properties at
the output of the accelerator. Usually this emergent beam will be
approximately parallel and will be reduced in diameter from more than
I em at the probe electrode to 1 or 2 mm at full energy.

5-4. SPACE-CHARGE EFFECTS

If the density of charge is high in a beam to be focused by an electro-
static lens, it may be necessary to take the space-charge field into account
in designing the lens. Since like charges repel each other, this is always a
defocusing field; its effect can be included in the paraxial ray equation.
We assume streamline flow in the beam so that, inside the radius defined
by a particular particle path, the total current 7 is constant. To simplify
the problem, we assume that the charge density is uniform as a function
of radius, although it will vary as a function of z.  With these assumptions
the charge density is given in terms of the current by

p= " (5-22)

xri

where v is the particle velocity and is given by v = (—2eV/m)*. The
potential pattern in the beam must now satisfy Poisson’s equation rather
than Laplace’s equation. Poisson’s equation states that

14 E + ok,

ror O 0z

=P
€

which indicates that E, now has the value

rV’; i 7
2 2mer(—2eV /m)%

E, =
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instead of the value rV'//2 given by Eq. (5-17). When the new radial
field is inserted in the derivation of the paraxial ray equation, we obtain

Viy! 1
7ol! rr 1
Vr'' + 5 + 4

124 ¢ i
[7" e m(-QeV/m)%] =0 62
The new term introduces severe limits because it indicates a defocusing
radial field that goes to infinity as r tends to zero. Thus it would appear
that a beam of appreciable density V=0 v

can never be brought to a focus.

This is not strictly true, since our

simplifying assumptions are not

usually justified to this degree.

However, it is good practice not to  Cathode

attempt to include beam crossovers Va_to
in lens systems for intense beams.

For weak lenses in which the beam §§§§§f§%§?&§—%§§§§§
is not strongly concentrated and \:::_f:-;:::—-__—-;:E:_:E_:E_EE
in which r and V do not change 67.5°

drastically during passage through
the focusing region, it is quite
possible to include the space-charge
term as a correction term in com-
puting the lens optics.

The special case of a lens system

to keep a beam parallel in the pres- Fig. 5-5. Pierce electron gun with elec-
trodes shaped to make V o«z** along the

ence of space charge. follows from edges of the electron beam. ¢
setting "’ = 7" = 0 in Eq. (5-23). »
The equation is satisfied if, along the boundary of the beam, V" is propor-
tional to ¢%2*5. Electrode structures which satisfy this criterion have been
worked out by Pierce (see Fig. 5-5). An electron gun designed in this

lon
source

Fig. 5.6. Pierce lens for extracting ions from an ion source.

fashion is usually known as a “Pierce gun.” Many variations of Pierce’s
electrode geometries have been evolved for maintaining desired conver-
gence or divergence in dense charged-particle beams. The problem of
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space-charge limitation is most frequently encountered in accelerators at
the exit of the ion source where high currents of low-velocity ions are to
be extracted through small apertures. Here the Pierce electrode shape
is usually modified to a reentrant cone (Fig. 5-6). The tip of the probe or
first accelerating electrode is then formed as shown as a reentrant coaxial
cone with a somewhat larger aperture at its tip. If desired, the space
between source and probe can then be connected to a vacuum pump to
evacuate the gas coming from the source.

5-5. FOCUSING BY AXIAL MAGNETIC FIELDS

Although the mathematical method for treating the magnetic lens
is analogous to that just used for the electrostatic lens, the mechanism
of the magnetic lens is quite different. This lens usually takes the form
shown in Fig. 5-7. A solenoid
coaxial with the beam, and usually
sheathed in iron to decrease stray
magnetic fields, provides a mag-
netic field generally parallel to the
axis but having radial components
at its ends. We assume that the
. entering beam has only axial and
7 radial components of velocity. As

the beam crosses the radial-mag-
7 ” } netic-field components at the en-
trance to the lens, the cross-
Fig. 5-7. Cross section of a cylindrical product interaction between these
magnetic lens for focusing by an axial field components and the particle
magnetic field. . .
velocity [Eq. (5-12)] introduces a
corkscrew motion into the beam. Inside the solenoid both the angular
and the radial velocity components of this corkserew motion interact with
the axial magnetic field to give further spiral motion around the axis.
Finally the radial field at the exit introduces further cross-product inter-
action with the axial velocity. This sounds complicated, but the mathe-
matical treatment yields a simple result. Just as in the electrostatic
case, we set up expansions of the radial and axial field components in
terms of a general axial field distribution B,(r = 0) = By(z). We intro-
duce these fields into the radial and azimuthal equations of motion (5-14)
and arrive at a new paraxial ray equation of the form

no eBer _ 24
r’ 4 SmT 0 (5-24)

Ps Iron shield

2222222222777

Solenoid
winding

AMNMMINININ

~ Beam

If the magnetic field is approximately uniform throughout the length 9f
the lens, the solution to the ray equation is a sinusoidal oscillation in
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radius and it will be possible to choose the lens length so that the system
is either focusing or defocusing.

Because of the focusing mechanism, the beam will be rotated around its
axis as it passes through the lens. If the beam was not originally sym-
metrical around the axis, the asymmetry will be rotated during the focus-
ing process. With initially symmetrical beams this effect will be observ-
able only through rotational velocity components left in the beam after
it has been focused. The amount of the rotation can be derived from
the relations used in the derivation of Eq. (5-24).

If very strong magnetic fields are used, the restoring forces indicated by
Eq. (5-24) become very strong and the radial extent of the beam is small.
Even in the presence of dense space charge a beam can be restrained from
expanding by such an axial magnetic field. This is the mechanism (see
Chap. 4) used in many ion sources to keep the ionizing electrons in the
discharge from escaping.

Short magnetic solenoid lenses are also used where it is desirable to
minimize the physical extent of the lens system. The field is confined to
a short axial gap between the end plates of the iron sheath. The length
of the uniform-field region is greatly reduced relative to the nonuniform
end fields. The focal length of a short magnetic lens can be derived
approximately if it is assumed that the magnetic flux density B = B, a
constant, for a distance d in the middle of the lens and is zero elsewhere.
The paraxial ray equation (5-24) can now be integrated and the focal
length f of the lens can be derived. The result is

8mT
f - 6302d

where T is the kinetic energy of the particles in electron volts. If the
exciting winding includes N/ amp-turns, then, since Bod = uoN1,

f= 8mTd
" eu?N2I?

For electrons f = 30Td/(NI)?; for protons f =~ 53,000Td/(NI)2. As an
example we consider a magnetic lens to have a focal length of 1 m. Mag-
netic field will be maintained over a distance of 3 cm along the axis, and
the particles to be focused will have an energy of 1 Mev. From the above
relations, a lens for electrons will require about 900 amp-turns to maintain
a flux density of about 4 X 10~2 weber/m? (400 gauss). For protons the
lens will require 40,000 amp-turns and will have a flux density of about
1.6 webers/m? (16,000 gauss).

(5-25)

(5-26)

5-6. EDGE FOCUSING

Wherever particle beams enter or leave magnetic fields, the fringing
fields and pole geometry will affect the beam optics. Under certain
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conditions the magnet may act as a lens that can be converging in both
planes.

First we consider the beam optics in the plane normal to the direction
of the magnetic field. A parallel beam will be assumed to enter normally
a region of field bounded by the
lines A and B of Fig. 5-8. As the
beam enters the field, its direction is
unaltered. Had the other boundary
been the line C parallel to A, the
beam would also emerge as a parallel
beam, though somewhat reduced in
cross section. But, since the line
B is inclined at an angle 0 with
respect to C' (or A), the upper part
of the beam has been deflected
through a larger angle than has the
lower part and the beam will emerge
converging. By some rather simple geometric construction the reader
will easily discover that the distance f; from the boundary B to the focal
or crossover point of the beam is given by

Fig. 5-8. Passage of initially parallel
beam through an edge-focusing lens.

cos (¢ — )
sin 6

fi=op (56-27)

where p is the radius of the curvature of the beam in the magnetic field
and ¢ is the angle through which the axial ray of the beam is bent in the
magnetic field.

In the other plane the focal properties of the field are not so evident.
In this plane the field well inside the magnet has no appreciable effect;
here only the fringing field is important. We assume a coordinate system
whose origin of coordinates is at the point where the axial ray crosses the
boundary B. The y axis is parallel to B, the x axis is normal to B in the
plane of the diagram, and the z axis is normal to the plane of the diagram.
The fringing field will now have z and z components; from symmetry
there will be no y component. Focusing effects will follow from inter-
actions of the beam with the x component of the fringing field B,. From
Eqgs. (5-13)

4 (mé) = ~eyB. (5-28)

We now need some clue as to the form of B,. From experience we know
that the z component B, will have in the xy plane the general character
shown in Fig. 5-9. Above and below this plane it will decrease gradually
and symmetrically around the median zy plane. We can represent this
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behavior by the expression

z2 142 z4 1244
B. = f@) — 5 /") + 5, 7@ - -
To satisfy Maxwell’s equations, B, must now have the form
23
B. = of'(x) = 57"@) + - - -

To a first approximation, good enough for the present purpose, we can
say, so long as z is small,

B,
B, = f (x)
B~ W) (5-29) ’
BO
When this is substituted in Eq. t
(5-28), it becomes -
X
d, . e Bound
7 (mé) = —eyaf'() of magnet

_ _ E i _ Fig. 5-9. Distribution of magnetic field
o2 (x) dt )] (5-30) around the edge of a magnet gap.

During passage through the fringing field, &, 3, and z of the beam are
sensibly unchanged. Moreover, if v is the velocity of the particles in the
beam, & = v cos (¢ — 6) and y = vsin (¢ — 6). Hence Eq. (5-30) can
be integrated to give

MZfinat — MZinita = €2 tan (¢ - 9)[f($)ﬁua1 t f(x)initial]
= ez tan (¢ — 6)(0 — By)

where By is the field strength well inside the magnet. The beam has thus
been deflected by an angle

2 _ eBo
> = o tan (¢ — 6)
=7 tan (¢ — 6)
p

and the focal distance f, in the vertical plane is given by

fo=% = poot (¢ — 0) (5-31)

A range of the angles ¢ and 6 exists over which Eqs. (5-27) and (5-31)

indicate focusing in both planes. By inclining the entrance plane of the

magnet to the beam, similar focusing can be attained as the beam enters
the magnet.
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Focusing of this sort is used to restrain the excursions of the circulating
beam in the zero-gradient synchrotron (ZGS) of the Argonne National
Laboratory. Edge-focusing effects are included also in the fixed-field
alternating-gradient (FFAG) designs presented in Sec. 15-10. In many
other cases where beams pass through analyzing magnets this effect must
be included in analysis of the beam optics.

5-7. FOCUSING BY ALTERNATING GRADIENTS

The most recently discovered technique for restraining the radial
motions in beams of charged particles is that of alternating-gradient
(AG) focusing. Since it gives much stronger restraining forces than most
of the other available methods, it has often been described as ‘“‘strong
focusing.” The basic principle as it applied to magnetic-gradient focus-
ing in the synchrotron was first proposed by Christofilos in Athens,
Greece, in 1950, in a manuscript which was not published. The principle
was independently discovered in 1952 by Courant, Livingston, and
Snyder” at Brookhaven National Laboratory and expanded to cover
the application of magnetic gradients to the focusing of linear beams.
Blewett,® also at Brookhaven, presented the basic formulation for focusing
with electrostatic gradient fields. When Christofilos became aware of
the Brookhaven publications and visited the laboratory to compare
notes, his priority was immediately evident and was acknowledged by
the Brookhaven group early in 1953.° He later joined the Brookhaven
laboratory and has been active in the
further development of accelerators
using this principle. The theoreti-
cal formulations and techniques have
been improved and generalized for
the magnetic-field application® (see
Chap. 15). It seems more appro-
priate in this chapter to start with
the specialized application to the
focusing of linear beams in electro-
static gradient fields.
-V +V If a beam of charged particles
whose axis is the z axis passes
through a region where the trans-
verse field E, has the form
Fig. 5-10. Electrostatic quadrupole lens E. = —Gz, G being a constant, the
for use in AG focusing. beam will be focused in the zz plane.

But, since div E must be zero, it
follows that E, must have the form E, = 4Gy and the beam will
be equally strongly defocused in the y plane. The discovery of AG

+V
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focusing revealed the fact that if the beam now passes through a second
region of reversed gradients in which ¥, = 4Gz and E, = —(y, the net
effect of the combination will be focusing in both planes. As was pointed
out by the Brookhaven group, the system has its analogy in optics, where
1t has long been known that a beam of light passing in succession through
focusing and defocusing lenses of equal but opposite strength will be
focused no matter which lens comes first.

The field pattern just described is derivable from a potential function
having the form

V=@ (5-32)
The equipotentials are rectangular hyperbolas, so such a field pattern can

be set up by a quadrupole system of electrodes having the shape shown in
Fig. 5-10.

xz plane

<—-——-=AXxis

yz plane

Ey=Gy [Ey=-Gy

S

—

Fig. 5-11. Focusing in a two-element AG lens having & = 0.5 and kz, = 45°.

The precise behavior of the system can be derived by tracing a particle
through the system geometry (see Fig. 5-11). In the 2z plane the equa-
tion of motion in the first region is

mi = —eGx (5-33)
whose solution is

(th?)V-’ : (eG)—%é . (th?)‘/z
T = xy cos| — + Tl = sln | —
m m m
e(Fz2\ " . [eG\ 7 . [eGz?\%
= 2 COS (W) + %o (ﬁ) sin (W) (5-34)

where the zero subscripts indicate the initial conditions.
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At 2z = z; the position and velocity of the particle are given by

T = xg cos kz, + % sin k2,
+ + (5-35)
o = —kxo sin kz, + 7)9 cos kz

where k = (eG/mwv?)*. Equations (5-35) can be written in the form of a
matrix transformation:

cos kz,y (1/k) sin kz,
—k sin kz, cos kz,

x
/v

Zo
ii?o/l)

(5-36)

If the sign of the gradient G is reversed, the transformation matrix
becomes
cosh kz, (1/k) sinh kz,

k sinh kz, cosh kz; (5-37)

The displacement and velocity of the particle after passage through the
two successive field regions can now be written

z | _ | cosh kz (1/k) sinh kz, cos kz; (1/k) sin kz,
! /v k sinh kz, cosh kz, —k sin kz, cos kz,

xo(cosh kz, cos kz, — sinh kz; sin kz,) + I%] (cosh kz; sin kz, + sinh kz, cos kz,)

' kzo (sinh kz, cos kz, — cosh kz; sin kz;) + % (cosh kz; cos kz; + sinh kz; sin kz,)

(5-38)

In the yz plane the particle position and velocity are obtained by apply-
ing the transformation matrices in the reverse order to obtain

||
y/v _
yo(cosh kz;, cos kz; + sinh kz, sin kz,) + %‘; (cosh kz; sin kz, + sinh kz; cos kz;)

kyo(sinh kz, cos k2, — cosh kz, sin kz,) + %9 (cosh kz; cos kzi — sinh kz; sin kz,)

(5-39)

It is not immediately evident from these rather complex expressions
that we have achieved focusing in both planes. This fact can be made
clear if we make the simplifying assumption that kz, is small enough that
we can use the approximate substitutions

2
cosh kz, = 1 + (kz21)

2
coskz;y =1 — (kzl)

sinh k2, = k2, [1 + (kf;)zjl
~ (kzl)%]
6

sin kzl = k21 [1
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We consider a beam that is initially parallel so @4 = 5, = 0. Now, to
the order of the approximation

x = xo(1 — k2212)

% = —23x0k*z,®
v = yoll + kzrt) (540
% = —24yokiz;®

The two velocities are equal for the same initial displacements and both
are directed toward the axis.

In Fig. 5-11 we have traced the orbits in the two planes for the par-
ticular case k = 0.5 and k2, = 45°. From the figure it can be seen that
the greatest displacement occurs in the focusing sector in both planes; the

l«———Principal planes ———]

=1
— —
—

L—s——L—s-—-—L—Zs———L—s——L—s——l

Fig. 5-12. Triplet AG lens. Principal planes and focal distances are indicated.

particle thus experiences the strongest force when it is in the sector
where the force is directed toward the axis.

The same focusing effects can be obtained if a field-free space is included
between the two sectors, as is necessary in the physical arrangement of
electrodes or quadrupole magnets. Analysis of the system becomes a
little more complicated but is still manageable, and the applied fields are
somewhat reduced.

As can be seen from Fig. 5-11, the two-element AG lens is highly
astigmatic; the focal points in the two planes are at very different loca-
tions. This means that a beam initially circular in cross section will pass
through a focal line in the yz plane and somewhat later will pass through a
focal line in the zz plane. When better optical properties are desired, it is
preferable to use triplet lenses. A favorite triplet-lens arrangement is
llustrated in Fig. 5-12; the three elements of the lens can be equal in
length or, as in the case illustrated, the central element can be longer;
here it is twice as long as the two other elements.

Alternating-gradient lenses can be analyzed by the methods of geo-
metric optics in terms of focal lengths and principal planes. If focal
distances f and f’ are defined as distances of focal points from the extreme
ends of the lens array and the distances of the principal planes from the
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ends of the array are represented by z and 2’ (Fig. 5-12), it will be found
that these parameters satisfy the relation

1 1 1
f’+z’+ N

f+z F

where F, z, and 2’ are constants for all values of fand f’.  Thus the param-
eters F, 2z, and 2’ are constants for the lens system. Moreover, if the
fields in the first and last lens element are equal, it will be found that
z=2.

Tabulations of F, z, and 2’ have been assembled at the Brookhaven
National Laboratory for a variety of AG lenses with two and three ele-
ments and with various spacings between elements. Typical figures for
the lens illustrated in Fig. 5-12 are collected in Table 5-1.

TABLE 5-1
PARAMETERS FOR THE TRIPLET LENs oF Fia. 5-12

k2 = e@,/(mv?) and refers to the first and third lens element
ko2 = eG+/(mv?) and refers to the central lens element

Initially focusing plane

0.4 F/s = 6.258 17.56 —6.259 —1.753
z/s = 4.584 4.486 4.344 4.181
0.8 F/s = —1.904 —1.825 —1.704 —1.555
z/s = —5.143 —5.340 —5.672 —6.143
1.2 F/s = —0.2250 —0.1908 —0.1487 —0.1092
z/s = —0.8047 —0.8157 —0.8328 —0.8548
1.6 F/s = —0.0901 —0.0736 —0.0547 —0.0384
2/s = —0.1767 —0.1804 —0.1861 —0.1933

Initially defocusing plane

kis 2k, = 0.4 0.8 1.2 1.6
0.4 F/s = —3.240 8.968 1.477 0.8207
z/s = 2.269 2.291 2.332 2.402
0.8 F/s = —0.2997 —0.5783 1.973 0.3561
z2/s = 1.374 1.380 1.390 1.407
1.2 F/s = —0.0573 —0.0888 —0.3976 0.1476
z2/s = 0.8985 0.8999 0.9025 0.9069
1.6 F/s = —0.0144 —0.0208 —0.0579 0.0629

z2/s = 0.6524 0.6528 0.6536 0.6548
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If the expressions (5-38) and (5-39) are examined for higher values of
kz1 than those which are suitable for the approximation applied to yield
the results of Egs. (5-40), it will be discovered that the AG system dis-
cussed above is not always a focusing system. When kz, passes the value
of =, the system suddenly becomes strongly defocusing. For still higher
values of kz; the combination can again become focusing, but these
higher-order systems have no advantage over the systems which keep kz,
below .

The AG method is a powerful means for maintaining beams over long
distances. Quadrupole lenses can be arranged in an AG sequence involv-
ing many quadrupoles. When this is done, it can be shown by the
methods of matrix analysis!® that the condition for continuous focusing is
that cosh kz, cos kz; must lie between —1 and 4-1. If the gradients in
successive lens elements are different, the condition becomes more compli-
cated but will also be found in the reference cited.

The method is equally powerful if magnetic quadrupoles are used.
The theoretical treatment is essentially the same as that given above
except that the electric-field gradient must be replaced by the product of
particle velocity and magnetic-field gradient.

The most spectacular application of AG focusing is in the AG synchro-
tron (Chap. 15). The method is also applicable to the linear accelerator
(Chap. 10). It would appear also to be promising for beam focusing in
direct-voltage accelerators. A practical technique might result from the
use of permanent-magnet quadrupoles along the accelerating column.
Permanent-magnet quadrupoles of Ferroxdur or Indox (nonconducting
permanent-magnet ceramics) have been produced at Brookhaven.!! A
theoretical study of AG focusing in accelerating tubes has been made at
the University of California Radiation Laboratory. Since both studies
have given encouraging results, it would appear that it is only a matter
of time until the permanent-magnet-quadrupole technique becomes
practical.

5-8. THE CONCEPT OF EMITTANCE AND LIOUVILLE’S THEOREM

Particle beams in general are not the idealized assemblies of parallel
rays thus far represented. They do not come to perfect focal points, but
because of imperfections in the methods of beam generation, they can be
focused only into regions of finite size. When every attempt has been
made to make a beam parallel, the particles will still have a finite angular
distribution. Generally it will be found that, if the individual particles
are plotted as points in a region where, say, the  component of velocity
is plotted against the x coordinate, the particles will all lie in a region like
that illustrated in Fig. 5-13, having, for most beams, a generally elliptical
shape. A similar plot will be found in the other plane, although the shape
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and orientation of the region will probably be different. If the beam is
passed through lenses or is otherwise affected by fields, or if it is merely
allowed to drift, the shape of the region enclosing the particles will change.
But it will be found, in linear systems, that
the area of the region is constant. This con-
stant area is a characteristic of the beam and
is known as the ‘“‘emittance’ of the beam. So
long as the energy of the beam is not changed,
the emittance will be constant.

A lens system whose defining apertures are
such that it can barely accept a beam of a
given emittance is said to have an ‘‘admit-
tance’”’ equal to the emittance of the beam
that it can accept.

The constancy of the emittance of a beam is a consequence of Liou-
ville’s theorem, which says that the area in phase space occupied by an
assembly of particles whose properties p: and g: are derivable from a
Hamiltonian H by the relations

dpe _ _ oH dg. _ . oH
dt s dt Opx

Fig. 5-13. Emittance plot in
z-z' phase space.

will remain constant throughout the motion. For the proof of this
theorem the reader is referred to texts on the classical statistics. Here
the application is evident since positions and momenta of particles are
derivable from a Hamiltonian representing the total energy, kinetic and
potential, of the system. Strictly speaking the phase space is a six-
dimensional space for particle beams. But if the motions in the three
planes are not coupled, two-dimensional plots like that in Fig. 5-13 are
useful and represent areas that remain constant through systems of lenses
and deflecting fields.

Other cases will emerge later in which other pairs of conjugate variables
will yield constant areas in “phase space” plots. Energy and time are
often found to be such variables.

5-9. ORBITS IN UNIFORM MAGNETIC FIELDS

In a uniform magnetic field the simplest form of motion of a charged
particle which satisfies the equation of motion (5-12) is circular motion
at constant velocity in a plane normal to the magnetic field. The equa-
tion of motion in cylindrical coordinates simplifies to

mré = erB (5-41)

where B = —B, = a constant. Since r§ = v, the particle velocity, Eq.
(5-41) represents the linear momentum of the particle, which is propor-
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tional to the product Br. The motion can be visualized by reference to
Fig. 5-14, in which the cylindrical coordinates of circular motion (r, 6,
and z) represent the radius of the circular orbit, the angular locatlon and
the distance from the central orbit plane of a particle between the poles
of an electromagnet which produces an axial field B,.

Fig. 5-14. Cylindrical coordinates for orbital motion in a magnetic field. A particle
of mass m, charge e, and velocity » in a magnetic field B moves in a circle of radius 7.
The angular position ¢ and the axial displacement z are shown.

The frequency of revolution of the particle can be obtained from the
momentum relation as

f=g = o (5-42)

This linear relation between frequency of particle revolution and magnetic
field shows that frequency is constant in a uniform and steady magnetic
field if the mass of the particle remains constant, i.e., for nonrelativistic
velocities. This relation determines the applied frequency of the acceler-
ating electric field in the cyclotron and is known as the cyclotron reso-
nance relation.

For light positive ions having energies less than about 20 Mev, the non-
relativistic expression for kinetic energy can be used, from which we have

T = lgmp? =

(5-43)

In this energy range the kinetic energy increases with the square of mag-
netic field and the square of the orbit radius. In the mks system of units,
kinetic energy is measured in joules. We shall more often have occasion
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to define kinetic energy as

T e T 2m (5-44)

T Loma? er?B?
€

In this form the kinetic energy is measured in electron volts or, if we wish
to include the appropriate factor, in millions of electron volts. This
definition assumes the charge to be that of a single electron. If multiply
charged ions are involved (such as Het+), the numerical value of T'/e in
Mev units must be divided by the multiplicity of charge to obtain the
kinetic energy.

The radii of orbits can be obtained from a rearrangement of the above

relation:
3 14
;= 112_ (2 m 2) (5-45)

where B is in webers/m?, e/m is in coulombs/kg, and T'/e is in Mev units
for a singly charged particle. Orbit radii obtained from this relation for
H+, D+, Hy*, and He*+ ions in a magnetic field of 1 weber/m? are plotted
in.Fig. 5-15 to illustrate the dimensional requirements for accelerators in
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Fig. 5-15. Orbit radii (meters) for light ions in a magnetic field B = 1.0 weber/m? as a
function of energy in Mev.
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the nonrelativistic energy region. The influence of multiple charge is
illustrated by the curve for He**, which is essentially identical with that
for H,*, although the charge-to-mass ratio e/m has a value approxi-
mately the same as that of the H,y* or D+ ions.

5-10. RELATIVISTIC EQUATIONS OF MOTION

The motion of particles at high energies is also described by Eq. (5-41),
but in this case the momentum must be expressed in its relativistic form.
The relativistic expression for total energy W of a particle is

W = me? — me? W T = 2 LT 5-46
met = a7 o+ moc® + (5-46)
2\ ¥
whence IE) = <1 — %) (5-47)

The momentum p of a relativistic particle is given by

mov

P=m = ey

= S (W~ W = C[I(T + 2Wo)]  (5-48)
where mo = rest mass of particle
¢ = velocity of light
W, (= moc?) = rest energy of particle
T = kinetic energy of particle
Values of rest energy W, in Mev units are given in Table 5-2 for the
particles used in accelerators.

TABLE 5-2
Particle Rest energy, Mev.
Electron.......... ... ... ... ... ... .. ........ 0.511
Hydrogen atomic ion (proton)................ 938
Heavy hydrogen atomic ion (deuteron)........ 1877
Hydrogen molecularion...................... 1876
Doubly ionized helium (alpha particle)......... 3733

From Eq. (5-41) the orbit radius is now (in meters)

_mv _ [T(T + 2Wy]*

eB ceB (5-49)

When T and W, are expressed in Mev units and B is in webers/m?, this
becomes

The relationship given in Eq. (5-50) between orbit radius, magnetic
field, and kinetic energy is plotted in Fig. 5-16 for electrons, protons,
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deuterons, and alpha particles. Three coordinates are used: B, r, and 7';
as an aid to using the plot, the product Br is also introduced. Loga-
rithmic scales are used to encompass a wide range in the variables. Orbit
radius extends from 1 em to 100 m, magnetic field from 0.01 weber/m?
(100 gauss) to 10 webers/m? (100,000 gauss), and kinetic energy from 1 to
10,000 Mev (10 Bev).
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Fig. 5-16. Orbit radius as a function of energy and magnetic field. First find the Br
value for the desired particle and particle energy; follow this Br value to the intersec-
tion with the chosen value of field B; read orbit radius on the upper scale.

In Table 5-3 a few typical values are listed to show the dimensional
requirements of magnetic accelerators. Note the approach to a linear
relation between radius and energy for relativistic energies where 7 > W,. |
Note also the converging dimensions for electron and positive-ion accel-
erators at very high energies.

When rearranged to solve for kinetic energy, Eq. (5-49) becomes

T = (We? + c2?B¥r?)t — W, ‘ (5-51)
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T can be read from the plot of Fig. 5-16 by reversing the procedure
in the legend. This equation illustrates one feature characteristic of
very high energies: when T becomes very large compared with W,, the
relation simplifies to

T ~ ceBr (high energies) (5-52)

At high energies, energy and momentum become linearly proportional
and as a result the particle energy becomes linearly proportional to the
product Br. To give an easily remembered example, the relation is

TABLE 5-3
OrBIT RADIUS IN METERS
(At 1 weber/m?)

T, Mev Electrons Protons | Deuterons | He*+ ions
1 0.00485 0.143 0.206 0.144
10 0.0347 0.454 0.643 0.454
100 0.330 1.47 2.05 1.45
1,000 3.30 5.60 7.22 4.85
10,000 33.0 36.0 38.7 21.8

evaluated for a magnetic field of 1.0 weber/m? (10 kilogauss), which is
representative of fields obtained with iron-cored magnets:

T (in Mev) ~ 3007 (in meters) at B = 1.0 weber/m?  (5-53)

For example, an electron moving in an orbit of 1 m radius in a 10-kilogauss
field must have an energy of 300 Mev.

The relativistic expression for orbital frequency follows from Egs.
(5-46) and (5-49):

v eB eB W, eB fo

T = S = %wm T Seme W Zrma(l & T/~ T AW,

(5-54)

Here f, is the nonrelativistic “cyclotron frequency.” The frequency is
constant only as long as 7' < W,. This same relation will be used later
to show the magnitude of frequency variation involved in the acceleration
of positive ions to high energies in the synchrocyclotron; as particle
energy increases, with B constant, the frequency of the electric field
applied to the accelerating electrodes must decrease.

Orbital frequency can also be expressed in terms of orbit radius by
using the relativistic relation for velocity:

0 _ c _ Wo ke
1= 5 =g | (wien) | 5)
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The numerical constant is readily evaluated; as long as T and W, are
expressed in the same units and r is in meters, we have

. Wo N\ |2
f=—"11-— We b T megacycles/sec (5-56)

As an example, consider a high-energy electron in an orbit of 1 m radius
(the magnetic field must have the proper value). For energies above a
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Fig. 5-17. Orbital frequency as a function of energy and orbit radius. First find the
B value for the desired particle and particle energy ; follow this value of 8 to the inter-
section with the chosen orbit radius; read orbital frequency on the upper scale.

few Mev, the second term involving the energies becomes negligible and
the frequency approaches a constant value of 47.8 megacycles/sec.

The frequency relation of Eq. (5-55) is plotted in Fig. 5-17 over a wide
range in energy and radius for electrons, protons, deuterons, and He**
ions. In this plot logarithmic coordinate scales are used, and the param-
eter 8 = v/c is used as an intermediate step.
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A few typical values of ion-revolution frequency are listed for the several
particles in Table 5-4. The magnetic field is 1 weber/m?, and the orbit
radii are those given in Table 5-3. Note the converging values of fre-
quency for all particles at very high energies. The revolution frequencies
for different magnetic fields are inversely proportional to the flux density.

TABLE 5-4
OrBITAL FREQUENCY
(In megacycles/sec at 1 weber,/m?2)

T, Mev Electrons Protons | Deuterons | He** ions
1 9,120 15.2 7.60 7.61
10 1,380 15.2 7.60 7.61
100 145 13.8 7.34 7.40
1,000 14.5 7.46 5.00 6.05
10,000 1.45 1.32 1.22 2.11

The equations developed above give all the necessary information to
determine the orbital motion of particles in a uniform magnetic field
which is normal to the plane of their orbits. This special symmetry
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Fig. 5-18. Plot of 8 = v/c for light particles as a function of energy.

has been chosen in all existing magnetic accelerators. Basic parameters
can be determined by using Figs. 5-16 and 5-17. The transition from
nonrelativistic to relativistic regions is evident. For electrons the rela-
tivistic region is reached at a few Mev (v = 0.98¢ at 2 Mev); protons
and other positive ions reach the equivalent region at energies of several
Bev (v = 0.98c at 4 Bev for protons). This result points out the essential
difference between the acceleration of electrons and of positive ions, yet it
shows that the problems become essentially identical at extremely high
energies.
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Another method of plotting the velocity of particles as a function of
energy is shown in Fig. 5-18. Here the ratio 8 = v/c obtained from Eq.
(5-47) is plotted against energy 7' on a logarithmic scale for the several
particles. This presentation shows the relativistic approach to constant
velocity and serves to identify the energy range which requires the use of
the relativistic equations for the different particles.

5-11. ORBITAL STABILITY

An additional requirement for accelerators is that they provide restor-
ing forces for particles which deviate in direction from the orbit plane.
This is a necessary requirement, as can readily be noted by considering
the effect of a small, angular deviation from the plane for a particle which
is traversing hundreds or thousands of revolutions. In an absolutely
uniform magnetic field the orbit would be a helical spiral of small pitch,

igzgnanncrt
N

Fig. 5-19. Radially decreasing magnetic field in the cyclotron, showing the concave
shape of the lines of flux and the direction of the magnetic forces acting on orbiting
particles to restore deviant particles to the median plane.

and the axial displacement from the plane would increase linearly with
the number of revolutions. In a magnetic field or vacuum chamber of
finite extent most of the particles would be lost against the poles or the
walls. It is essential that the magnetic field provide restoring forces to
focus the particles about the central orbit plane.

Such restoring forces can exist in a magnetic field which decreases in mag-
nitude with increasing radius. In this field the lines of magnetic flux are
concave inward. Figure 5-19 is a diagram of the magnetic field between
cyclotron pole faces and shows the direction of the forces on charged
particles moving in orbits above or below the median plane. The
direction of the force on the moving particle is normal to the local direc-
tion of the magnetic flux. It will have a downward component for
particles above the median plane and an upward component for particles
below the median plane. It is evident that field shaping of this sort
will provide the desired restoring forces to prevent the particles from
wandering off in the vertical or axial direction.

The considerations leading to appropriate field shaping to prevent
particle loss in the radial direction are best seen through a study of the
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general equations of motion (5-14). For our present purpose these equa-
tions simplify materially. There is no electric field involved and there is
no azimuthal component of B. Also we shall assume that the radial and
vertical excursions are so small that they do not affect the velocity in the
g direction; we can then write 76 = v and assume that » does not change
materially during the period under consideration.

We know that the field must decrease in the radial direction for vertical
restoration of the particles to the orbit. To give this statement a mathe-
matical form we shall write

B. = B, (ﬁ’> (5-57)

r

where n = positive constant

ro = radius of “equilibrium orbit”’

By = value of B, at equilibrium orbit
Since we assume that r makes only small excursions from ro, we can write
Eq. (5-57) in the approximate form

B. = B, (1 _n AT) (5-58)

T

where Ar = r — ro. The other magnetic-field component B, follows
from Maxwell’s equations (5-1), which state that for this case curl B = 0
and

9B, _ 0B,
ar 0z (5-59)
From Eqgs. (5-58) and (5-59)
B, = — "B» (5-60)
re

We are interested only in the radial and axial components of the equations
of motion (5-14). With the substitutions just outlined, they become

d ; my? Ar\ _ nAr i

To

and a (mz) = (5-62)
dt
But we define the equilibrium orbit as that orbit for which both A7 and
Ar are always zero. For this case Eq. (5-61) simplifies to
2
T By (5-63)
To
This equation is identical with Eq. (5-41), which was presented in con-
nection with pure circular motion; the circular orbit discussed then has
now become the equilibrium orbit for the more general motion under
study.



128 PARTICLE ACCELERATORS

Equations (5-61) and (5-62) become still simpler when Eq. (5-63) is
used as a substitution for all terms including B,. We make the further
substitution of the symbol w for the angular velocity v/ro and obtain
finally

— (m A7) = —mw?*(l — n) Ar (5-64)
and — (m2) = —mw’nz (5-65)

These two equations have the general form of equations of motion. On
the right-hand side of each equation is the term that represents the
force which restores the particle to the orbit or repels it from the orbit.
So long as the sign of the term is negative for positive displacements and
positive for negative displacements, the particle will continually be forced
back to the equilibrium orbit whenever it becomes displaced from that
orbit. Evidently this can be true only if n and (1 — n) are both positive,
in other words, if n lies between 0 and unity.

From the qualitative discussion of the vertical motion presented
earlier it seemed essential that n should be positive so that the field would
decrease with increasing radius. The reason for radial restoring forces
existing only when (1 — n) is posi-
tive is not so easily seen but may
become clearer from the following
argument: In the coordinate sys-
tem of the particle the centrifugal
force term mw?/r must be balanced
by the magnetic force evB,. If
these two terms are plotted as a
‘ function of radius (Fig. 5-20), it
! becomes evident that, so longas B,
! does not fall off faster than 1/r
"o Orbit radius  [with (1 — n) remaining positive],
Fig. 5-20. Forces acting on a particle in there will be a radius at which the
a circular orbit in a radially decreasing curves cross and the two forces are
magnetic field, showing a net force acting hglanced. This will be the radius
tp r.estore a deviant particle to the equi- of the e quilibrium orbit. Outside
librium orbit rg. . . .

of this radius the inward mag-
netic force will be greater; inside of this radius the outward centrifugal
force will be greater; thus there will always be a net force restoring the
particle to the equlibrium orbit.

These restoring forces are sufficiently strong to restore a deviant
particle fairly rapidly to its orbit. In the case of a 300-Mev electron
traveling in an orbit of 1 m radius in a field whose n value is 0.5, the restor-
ing force on a particle which strays 1 em from the orbit is the same as
that which would be exerted by an electric field of about 1.5 Mv/m.

2
mv
F, =——, outward

F,,=eB,v, inward
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5-12. THE FREE OSCILLATIONS

Equations (5-64) and (5-65) not only show that restoring forces can
exist for a proper field shape, but also give the character of the motion
under these forces. The general form of these equations is similar to
that for simple harmonic motion, which can have the foerm

%(a’c) = —wix (5-66)

where x = displacement

i = velocity

wo = angular frequency of oscillatory motion
[For example, in an oscillatory system of mass and spring, the angular
frequency wo = (K/m)’¢, where K is the spring constant and m the mass,
and the motion is described by = = x,, cos wot.]

In order for Eqgs. (5-64) and (5-65) to represent harmonic motion, the
quantities m and « must be essentially constant over the period of
motion. We shall assume this to be the case in order to estimate the fre-
quency of oscillations about the equilibrium orbit. Referring to Eq.
(5-66) we find

fr = % (1 —n)* (for radial motion) (5-67)
f. = 5‘:—'_ n¥ (for axial motion) (5-68)

But w/2r is the frequency of revolution f, of the particle in the equilibrium
orbit. Evidently the oscillations about the orbit take place with a fre-
quency only slightly lower than the particle frequency of revolution,
since n must lie between 0 and 1. For example, if n = 0.5, both oscilla-
tions have a frequency of 0.707f, and would complete one period during
1.41 revolutions. This oscillation is sufficiently rapid to justify the
assumption above that no important changes will take place in m or w
during an oscillation period.

These oscillations in radius and in vertical position are known as the
“free oscillations’ since they continue, once started, without the action
of any but the guiding field. Since the free oscillations were first studied
in connection with the betatron,!? they are also known as ‘‘betatron
oscillations’ in spite of the fact that they are observed in many other
accelerator species.

The free oscillations usually are initiated early in the accelerating
cycle. They may be due to errors in the injection system or to the finite
size of the injector, or they may be initiated by small-angle scattering
by the residual gas in the vacuum chamber. Gas scattering rapidly
decreases in importance as particle energy increases, and the free oscilla-
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tions which remain as acceleration proceeds are merely a continuation of
those generated at or shortly after injection.

It is now important to assure ourselves that the amplitude of these
oscillations will not grow with time. Since both the mass of the particle
and the restoring force (proportional to mw?) increase during the accelera-
tion, we should expect that the oscillation amplitude would decrease, and
this is indeed the case. Since we are now considering a long time relative
to one free oscillation period, it is no longer legitimate to make the
assumptions which led to the simple harmonic solution of Eqs. (5-64) and
(5-65). We must now make a more precise solution of these equations.
The next higher approximation to the solution of the equations of motion
takes the form

Ar = Ci(mw V1 — n) % sin (Jo V1 — n di) (5-69)
z = Cy(mw vVn)¥ sin (Jw V1 dt) (5-70)

These solutions are valid to a high order of accuracy and are sufficient for
application in almost all practical cases. They show that the oscillation
amplitudes damp like (mw)~*. From Eq. (5-41) this is equivalent to
damping like Bg~*%. At low, nonrelativistic energies, kinetic energy is
proportional to By? so in this range the free-oscillation amplitude is pro-
portional to the inverse one-quarter power of the kinetic energy 7.
At high relativistic energies the kinetic energy becomes proportional to
By, and the rate of damping of the free oscillations increases to the point
where the amplitude is proportional to the inverse one-half power of the
kinetic energy 7.

The assumptions used in the derivation of the damping equations
(5-69) and (5-70) are valid unless one of the quantities m, w, 1 — n, or n
approaches zero. In actual accelerators m and w are always finite. Only
in the case of the cyclotron do we run into difficulty with », which is
approximately zero at the beginning of acceleration. Since this problem
relates only to the cyclotron, we postpone its consideration to the next
chapter.

5-13. CONSIDERATIONS AFFECTING ACCELERATOR DESIGN

In the design of a particle accelerator one of the most important
decisions is the choice of aperture dimensions. The costs of the most
expensive components usually depend strongly on the size of the aperture.
Since the aperture must be large enough to contain the free oscillations of
particles around their equilibrium orbit, the probable amplitudes must be
estimated at an early stage of design.

In the cyclotron, where an approximately uniform magnetic field must
be maintained over a large radial extent, it is not possible to use a large
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value of n. The n value chosen is that which is just sufficient to provide
the necessary axial focusing and usually varies from less than 0.01 near
the center to slightly higher values as the outer periphery is approached.

In ring-shaped accelerators with iron-cored magnets, such as the
betatron and the synchrotron, it is usually more economical to widen the
region of useful magnetic field in the radial direction than it is to enlarge
the gap between poles and provide space for axial oscillations. Conse-
quently the n value chosen is as high as possible to provide strong restor-
ing forces in the axial direction. The usual choice is an n value of about
0.7. In the few ring-shaped accelerators which have used air-cored fields
without iron magnetic circuits, on the other hand, axial extension of the
field is easier and cheaper than radial extension, so n values of the order
of 0.3 are appropriate.

The damping of free-oscillation amplitudes is of major significance in
accelerator design and operation. Amplitudes have been shown to
decrease with increasing particle energy, varying with 7’ at low energies
and with 7' at relativistic energies. This means that the available
aperture of useful field at the start of acceleration determines initial
amplitudes and is the limiting factor on the intensity of the accepted
beam. The damping causes the beam to decrease in cross section during
acceleration, so the high-energy beam is much smaller. Beam dimen-
sions have a direct bearing on the design of targets or of ejection systems
for emergent beams. In an electron synchrotron, for example, an initial
beam width of more than 10 em will be reduced to a few millimeters at
high energy.

If a mechanism for coupling exists between the radial and axial free
oscillations and if the frequencies are in fundamental or harmonic reso-
nance, oscillation energy can be transferred from one mode to the other.
Small imperfections in the uniformity of the magnetic field are sufficient
to provide significant coupling. The frequencies of the two modes are
identical for n = 0.5, so this value of 7 is usually avoided in design. This
is not a serious limitation if the available apertures in the two coordinate
directions are similar in size, but it becomes important when the axial
dimension is reduced significantly below the radial dimension. Harmonic
resonances can occur for n values of 0.2 and 0.8, for which the ratios of
frequencies are 1:2 or 2:1; these values also are avoided in design. In
the standard cyclotron the number of revolutions required to cross the
n = 0.2 resonance is small, so effective coupling is not observed and the
particle beam can remain in orbit out to larger n values. In the synchro-
cyclotron, however, the rate of acceleration is much slower and the beam
is observed to ‘“blow up’’ axially at the radial location where n = 0.2.
These points will be discussed in more detail in the following chapters on
magnetic accelerators,



132 PARTICLE ACCELERATORS

REFERENCES

1. M. A. Tuve, O. Dahl, and L. R. Hafstad, Phys. Rev., 48:241 (1935).
2. W. W. Buechner, E. 8. Lamar, and R. J. Van de Graaff, J. Appl. Phys.,
12:141 (1941).
3. V. K. Zworykin et al., “Electron Optics and the Electron Microscope,”
Wiley (1945).
. J. R. Pierce, “Theory and Design of Electron Beams,” Van Nostrand (1949).
. V. E. Cosslett, “Introduction to Electron Optics,” Oxford (1950).
. F. Terman, “Radio Engineers’ Handbook,” McGraw-Hill (1943).
7. E. D. Courant, M. S. Livingston, and H. S. Snyder, Phys. Rev., 88:1190
(1952).
. J. P. Blewett, Phys. Rev., 88:1197 (1952).
9. E. D. Courant, M. S. Livingston, H. S. Snyder, and J. P. Blewett, Phys.
Rev., 91:202 (1953).
10. E. D. Courant and H. S. Snyder, Ann. Phys., 3:1 (1958).
11. J. P. Blewett, N. C. Christofilos, and A. M. Vash, Phys. Rev., 99:652 (1955).
12. D. W. Kerst and R. Serber, Phys. Rev., 60:53 (1941).

S G

=-]

At the head of the facing page is an illustration of the 16-Mev cyclotron at the Massa-
chusetts Institute of Technology.



The Cyclotron

Magnetic Resonance Accelerator

The cyclotron accelerates light positive ions to high energy without the
use of high voltage, thereby avoiding the limitations of insulation break-
down. Ions move in widening semicircular paths in a uniform magnetic
field, crossing back and forth between two electrodes in resonance with an
oscillatory electric field. The ions are accelerated at each traversal of the
electric field, attaining a final energy hundreds of times greater than that
available from the impressed voltage on the electrodes. A simple analogy
is the garden swing which can be urged to large amplitude by successive
small pushes, each push timed with the natural period of the swing.

This is the principle of resonance acceleration, and the technical name
for the machine is the “magnetic resonance accelerator.” Iowever,
the more concise term “cyclotron,” which developed as laboratory
slang, has become the popular name for the instrument. The name is so
well known, in fact, that it is often loosely applied to designate any type
of particle accelerator, and is essentially synonymous with “atom
smasher.” The cyclotron was the first of the resonance accelerators. It
supplied the principle and the basic concepts for the development of the
modern high-energy accelerators. The simplicity of the concepts and
their prompt success stimulated a rapid development which can scarcely
be matched in any other field of science.
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6-1. HISTORICAL DEVELOPMENT

The cyclotron principle was proposed in 1930 by the late Ernest O.
Lawrence' of the University of California. It was suggested by the experi-
ment of Widerde? in 1928 in which ions of sodium and potassium were
accelerated to twice the applied voltage in traversing two tubular elec-
trodes in line between which an oscillatory electric field was applied —
an elementary linear accelerator (see Chap. 10).

The conception™® of the idea occurred in the library of the University
of California in the summer of 1929, when Lawrence was browsing
through the current journals and read Widerde’s paper in the Archiv fir
Electrotechnik. Lawrence speculated on possible variations of this reso-
nance principle, including the use of a magnetic field to deflect the
particles in circular paths so they would return to the first electrode and
thus reuse the electrical field in the gap. He discovered that the equa-
tions of motion predicted a constant period of revolution, so the particles
could be accelerated in resonance with an oscillatory electric field.

The principle of acceleration was announced in a short article in Science
by Lawrence and Edlefsen! in 1930. Edlefsen was a graduate student
who had just completed a thesis in another field; on Lawrence’s request
he attempted a brief preliminary experimental test of the principle. The
experiment was not successful in demonstrating resonance, and no experi-
mental results were reported. However, the basic soundness of the
principle was evident and justified the public announcement in advance
of experimental proof.

The senior author (MSL) was a graduate student at Berkeley at that
time; this problem was suggested by Professor Lawrence as the subject
for an experimental research investigation to demonstrate the validity of
the resonance principle. A doctorate thesis by Livingston? dated April
14, 1931, reporting the results of the study, is on file in the University of
California library. This was the first experimental verification of the
principle of cyclotron resonance.

For this preliminary study only small-size laboratory equipment was
available, including an electromagnet of 4 in. pole diameter. An illustra-
tion from this thesis (Fig. 6-1) shows the arrangement of components
which is still a basic feature of all cyclotrons. A vacuum-tube oscillator
provided 2000 volts radiofrequency potential to the electrode, with a fre-
quency which could be varied by adjusting the number of turns in the
resonant inductance. Hydrogen ions (H* and H,*) were produced by
ionization of hydrogen gas in the chamber by electrons emitted from a
tungsten-wire cathode near the center. Resonant ions which reached the
edge of the chamber were observed in a shielded collector cup. Sharp
peaks were observed in the collected current at the magnetic field of reso-
nance for H,* ions (and later for Ht ions), as illustrated in Fig. 6-2, which

* As told to the senior author (MSL) by Professor Lawrence.
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shows a typical resonance curve taken from the thesis. At the collector
radius and for the highest field used, the expected energy of the H,* ions
was 80,000 ev, confirmed by electric-field deflection measurements. By
varying frequency of the rf accelerating fields (reported as wavelength),
resonance was observed over a broad range of frequencies and magnetic
fields (Fig. 6-3), proving conclusively the validity of the resonance principle.

The next step in the development, the first practical cyclotron, used a
magnet with pole faces 10 in. in diameter and produced protons of over
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Fig. 6-1. Schematic diagram of original cyclotron chamber and associated circuits.
(Livingston.3)

1 Mev energy, the first time that controlled particles of this energy had
been obtained in scientific history. The development is described in a
paper by Lawrence and Livingston* in 1932.

A few months before this instrument was completed, Cockecroft and
Walton® at the Cavendish laboratory had observed for the first time the
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disintegration of Li nuclei by artificially accelerated particles, using pro-
tons of 400 kev energy (see Chap. 2). The 1-Mev protons from the first
cyclotron were promptly used to confirm and extend the British results.
Disintegrations were observed in Li and in several new targets, as
reported in 1932 by Lawrence, Livingston, and White.®

These early successes stimulated interest in many laboratories. In
Berkeley, plans were made for higher energies, and Professor Lawrence
obtained financial support from the Research Corporation, which led to
the design and construction of a much larger cyclotron, the ““27-inch.”
The iron core for this large electromagnet was taken from a dismantled
Poulson-arc radio transmitter donated by the Federal Telegraph Company.
By the time the cyclotron was completed in 1933, ions of the newly dis-
covered and separated heavy-hydrogen isotope (deuterons) were avail-
able, obtained from heavy-water samples supplied by the late Prof. G. N.
Lewis of the chemistry department of the university. The machine
was rapidly tuned up (primarily by ‘‘shimming”’ of the magnetic field) to
produce 3-Mev and then 5-Mev deuterons. A team of young, enthusi-
astic scientists explored the new fields of deuteron reactions, induced
radioactivity, and neutron production; a dozen or more short papers were
published describing the progress. The 5-Mev deuteron cyclotron was
described by Lawrence and Livingston? in 1934. At this time Livingston
left Berkeley to join the physics department at Cornell University and to
build another research cyclotron. A later stage, after expansion of the
pole faces to 37 in. diam and further development to 8 Mev energy, was
reported by Lawrence and Cooksey?® in 1936.

Potential medical applications of high-energy neutrons, avallable in
adequate intensity for the first time, justified the design and construction
of the 60-in. “Crocker” cyclotron and the development of an associated
medical laboratory on the University of California campus. This
machine was completed in 1939, first operating at 16 Mev and later pro-
ducing 20-Mev deuterons or 40-Mev helium ions. It is the prototype of
the modern standard cyclotron and was described by Lawrence, Alvarez,
Brobeck, Cooksey, Corson, McMillan, Salisbury, and Thornton.®

In 1939 Professor Lawrence was awarded the Nobel Prize in physics in
recognition of his achievements in the conception and development of
the cyclotron. His untimely death in 1958 terminated an impressive
career as Director of the University of California Radiation Laboratory
and in many positions of scientific responsibility for the United States
government.

Meanwhile cyclotrons were constructed in many other laboratories, at
first largely designed by graduates of the Berkeley school. Soon these
laboratories were able to make important contributions to the develop-
ment. Among the laboratories contributing significantly to the progress
of cyclotronics in the early years were those at the University of Michigan,
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Cornell University,'® Columbia University, Princeton University,!* Uni-
versity of Rochester, Washington University at St. Louis, Bartol Research
Laboratory,'” University of Illinois,’® University of Indiana, Purdue
University, Carnegie Institution of Washington, Harvard University, and
the Massachusetts Institute of Technology.!* A monograph by W. B.
Mann'® (1940) describes the fundamental principles and tells some of the
story of cyclotron development in the Berkeley laboratory.

As a result of widespread effort, closely coordinated by publications,
correspondence, visits, and exchange of personnel, the modern cyclotron
is the composite product of many laboratories and scores of individual
contributions. A large number of the technical developments have not
been published, but after alteration and improvement as they passed
from one laboratory to another, they have become part of the general
store of technical information. One of the more detailed publications, by
Livingston!* in 1944, describes some of these features, illustrated by the
design and performance of the MIT cyclotron, which operates at 16 Mev
for deuterons or 32 Mev for helium ions.

Several commercial firms have joined in the development of the fixed-
frequency cyclotron. The Collins Radio Company designed and con-
structed two 60-in. machines, for the Brookhaven National Laboratory
and the Argonne National Laboratory, under the direction of W. W.
Salisbury. The General Electric Company has built a machine of the
same size for the National Committee of Aeronautics Laboratory in
Cleveland. The Philips Laboratory at Eindhoven and Brown-Boveri in
Switzerland have built several cyclotrons for European laboratories.

Theoretical analysis of the principles of operation and of focusing was
developed by Rose!® at Cornell University and by Wilson!?-'# at the Uni-
versity of California in 1938. A much more comprehensive theoretical
treatment by Cohen'® of the Oak Ridge National Laboratory gives a
sound basis for the design of the modern high-energy, high-intensity
cyclotrons.

The cyclotron has become a symbol of nuclear physics, and its simple
principles are taught in most high-school and college physics courses.
Small working models have been built by students in several high schools,
and a report of one such installation has been published.2?

A new field of special scientific interest has been opened with the
development of ion sources for multiple-charge heavy ions for acceleration
in a cyclotron. The Oak Ridge National Laboratory?! has been a leader
in this field of ion-source development. Ions such as Cjt+, Cio¥t,
N+, and Ny** have been produced in adequate intensities to be
accelerated in the cyclotron?? and have been used for many research
studies. An ion such as C;,** has almost the same e¢/m value as He*
and can be accelerated at similar values of frequency and magnetic field.
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However, because of its triple charge, the energy is three times that of an
He* ion under these conditions. Ions with other e¢/m values can be
tuned for resonant acceleration by adjusting the applied frequency of the
cyclotron. Machines in other laboratories have been adapted to heavy-
ion acceleration; an example is the 225-cm cyclotron at the Nobel Insti-
tute in Stockholm.2?® Interest in the field, notably at Oak Ridge, has
resulted in designs for cyclotrons specifically planned for this purpose.

6-2. THE RESONANCE PRINCIPLE

In the cyclotron an electromagnet is used to provide a nearly uniform
magnetic field between the flat faces of cylindrical poles of large radius.
A vacuum chamber fits between the pole faces, and two hollow copper

Fig. 6-4. Schematic diagram of cyclotron electrodes showing ion paths.

electrodes (Fig. 6-4) are mounted inside the vacuum chamber. These
electrodes were originally semicircular in shape, as though a flat, hollow
pillbox had been cut through a diameter. Because of their shape, the
electrodes are frequently referred to in laboratory slang as D’s or dees.
A radiofrequency power supply provides an alternating electric field
between the diametral faces of the two D’s. Ions are accelerated in this
region of crossed electric and magnetic fields.

Positive ions are produced near the center of the chamber between the
D’s by an ion source and are accelerated toward and into the electrode,
which is negatively charged at the instant. In the electric-field-free
region inside the D the ions are acted upon only by the uniform magnetic
field and travel in circular orbits in a plane normal to the field. After
traversing a semicircular path, each ion returns to the diametral gap
between electrodes and comes again under the influence of the electric
field. For the condition of resonance, the magnetic field is adjusted so
the time required for an ion to complete a half-circle is equal to the time
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for reversal of the oscillatory electric field. So, after completing the first
half-circle the ion experiences another acceleration, acquires higher veloc-
ity, and traverses a path of larger radius within the other electrode.
As long as this resonance is maintained, the ions are accelerated each time
they cross the gap, traveling in ever-widening semicircles until they reach
the periphery of the electrodes.

As was shown in Chap. 5, the force on an ion of mass m, charge e, and
velocity » moving at right angles to a uniform magnetic field B has the
magnitude evB and is exerted in a direction normal to the magnetic field
and to the direction of motion of the ion. This force causes the ion to
travel in a circular path of radius r whose value is obtained by balancing
the centrifugal force and the magnetic force thus [cf. Eq. (5-41)]:

2
7%?— = evB (6-1)

The frequency of revolution in the circular path is [cf. Eq. (5-42)]

v eB
f=5_ =5 (6-2)
This frequency is constant in a uniform magnetic field so long as the mass
m is constant.

For acceleration in the cyclotron the frequency of the alternating elec-
tric field applied to the electrodes is set equal to the ion revolution fre-
quency. The linear relation between applied frequency and magnetic
field is the fundamental equation of cyclotron resonance. When evalu-
ated for the e/m values characteristic of light ions, it gives

Protons: f (megacycles) = 1.52B (kilogauss)
Deuterons: f = 0.76B
Het+: f = 0.76B

These relations are plotted in Fig. 6-5 to illustrate the range of frequencies
required to produce resonant acceleration in magnetic fields up to
20 kilogauss.

A voltage-time graph of the potential between the electrodes of a cyclo-
tron is shown in Fig. 6-6. On each traversal of the gap between electrodes
the particle will acquire an increment of kinetic energy AT = eV of
magnitude determined by the phase of crossing the gap. Particles will
be moving in opposite directions in successive passages, so the energy
increments are cumulative. A resonant particle crossing at the phase of
peak field (point 1) will continue to cross the gap at the same phase and
will reach maximum energy in the minimum number of turns. Particles
crossing at other phases, such as points 2 and 3, will acquire smaller incre-
ments but will remain in resonance for a larger number of turns to reach
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Fig. 6-5. Plot of cyclotron resonance relation for H*, D+, and He*+.

12345 7
12345 12345

t, time

1
3r o ¢, phase
2

{
b
o
Ny -
Y

Fig. 6-6. Voltage-time graph of the alternating electric potential between D’s of a
cyclotron. Resonant ions which cross the gap at the phases 1, 2, 3, . . . are accel-
erated on each traversal.

maximum energy. If there are N accelerations and the average potential
difference between D’s each time the ions cross the gap is V, the final
energy will be
T = NVe = J muy? (6-3)
Kinetic energy can also be written in terms of magnetic field B and
final orbit radius R by use of Eq. (6-1):
T le p,
i en B’R (6-4)
Here the kinetic energy per unit charge is shown to be proportional to
the square of the momentum in units of BR. It is evaluated for the light
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ions in Mev units, with B in kilogauss and R in inches (units established
by long usage in the cyclotron field), as

Protons: T (Mev) = 3.12 X 10-*B2R?
Deuterons: T = 1.56 X 10~*B2R?
Het+: T = 3.12 X 10 *B2R?

Note that although He*+ has essentially the same e/m value as the
deuteron, its double charge gives it twice the kinetic energy of the
deuteron.

In using these relations to determine the dimensions of a cyclotron
magnet we must remember that the radius R applies to the extent of the
uniform magnetic field; the physical radius of pole faces must be larger
by about one-half the gap length. Since the saturation limit of iron
prescribes a maximum magnetic field in iron-cored magnets of about
18 kilogauss (depending somewhat on quality of iron and on the specific
design), the maximum energy is roughly determined by the square of the
pole-face radius or diameter. With a chosen magnet size, the ion energy
obtainable at radius R increases with the square of the magnetic field.

An informative expression for orbit radius can be obtained by eliminat-
ing T from Egs. (6-3) and (6-4):

1 m ¥
= — — T ¥ -

We note that the radii of successive paths increase with a sequence of
square roots of integral numbers N, getting closer together as N becomes
large. This relation was used to draw the schematic ion path of Fig. 6-4,
in which N is an impractically small number, but which illustrates the
expanding paths.

These basic relations can be illustrated by data representative of the
MIT 42-in. cyclotron. At the maximum magnetic field used (17.7 kilo-
gauss), the useful region of uniformity extends to a radius of 18.75 in.
The resonant frequency for deuterons, from Eq. (6-2), is 13.5 megacycles/
sec. The maximum kinetic energy, from Eq. (6-4), is 16.0 Mev. The
peak radiofrequency voltage between D’s when operating at full beam
Intensity is measured to be 140 kv (70-kv peak between each D and
ground). Ions experience phase shifts as they are accelerated, as will be
shown later, so a representative ion might make 100 revolutions or
receive 200 accelerations of an average value of 80 kv before attaining
the final energy of 16.0 Mev. Successive ion path radii, computed from
Eq. (6-5) and assuming an initial 40-kv and subsequent 80-kv accelera-
tions, would be 0.9, 1.5, 2.0, 2.3, . . . in. Actually the first few paths
will be distorted spirals rather than semicircles, as shown later. The
difference in radius between the ninety-ninth and one-hundredth revolu-
tions, Ar, is found to be about 0.1 in.
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After acceleration to the maximum practical energy and orbit radius R
the ions enter a deflection channel defined by a septum of somewhat
larger radius of curvature. An electric field is maintained across this
channel by a negative dc potential on an insulated electrode paralleling
the septum. The difference in radius Ar between the last two orbits is
sufficient for a useful fraction of the beam to pass behind the septum,
where 1t is deflected outward in an opening spiral path as an emergent
beam.

6-3. MAGNETIC AND ELECTRIC FOCUSING

An understanding of the detailed motion of the particles in their
orbits is important, in order to appreciate the reasons for the specialized
techniques which have evolved. The basic resonance principle applies
to an idealized particle moving in an orbit located on the median plane
of the cyclotron chamber and crossing the accelerating gaps in perfect
synchronism with the electric field. However, essentially all ions being
accelerated deviate from these ideal conditions; they perform oscillations
about the median plane and they migrate in phase of crossing the gap.
Those which remain in resonance are enclosed within an envelope inside
the D’s which is limited both in the transverse spread about the median
plane and in an azimuthal sector enclosing the accepted phase band.
During each radiofrequency cycle such a loose bunch of ions starts from
the source, and the center of the bunch follows the idealized expanding
orbit described previously. In each subsequent cycle another bunch is
emitted and follows in the same track. We shall see that the bunches
are discrete only for the first few revolutions; eventually they overlap
and merge into an almost continuous radial distribution of all possible
energies, contained within the limiting envelope in the transverse dimen-
sion but bounded in phase to an azimuthal sector which is probably not
greater than one-quarter of the chamber. Our purpose in this section is
to describe the magnetic and electric forces acting on the individual ions
and holding the ions within the enclosing envelope.

The feature which makes the method of multiple acceleration practical
is the focusing resulting from the shape of the magnetic field. Ions
making 100 or more revolutions in a cyclotron traverse a path hundreds
of meters in total length. In a uniform magnetic field, in which field
lines are strictly parallel, there would be no vertical deflections and no
focusing. Ions traveling at a small angle to the median plane would
follow a helical path and would strike against the top or bottom surfaces
of the D’s; the probability of an ion reaching the collector at the periphery
would be vanishingly small.

Magnetic focusing results from a small decrease in magnetic field with
increasing radius, so that lines of magnetic flux are concave inward.
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This shape of field exists naturally near the periphery of cylindrical poles
as a result of “fringing.” In the central region an adequately decreasing
field can be obtained by shaping the pole faces so that the gap widens
slightly with increasing radius, or the effective gap length in the center
can be shortened by inserting disk-shaped iron shims in gaps between the
vacuum chamber and the magnet poles. At any point off the median
plane in such a concave field the field has a radial as well as an axial com-
ponent (see Fig. 6-7). Deviant particles traversing such a field experi-
ence restoring forces due to the radial field component tending to return
them to the median plane. The direction of forces acting on orbiting
particles is also illustrated in Fig. 6-7. The magnitude of the radial
component of magnetic field, and thus of the restoring force, is propor-
tional to the displacement from the equilibrium orbit.

(AR N VA, /. W
N~ _
N
1& A \
Fig. 6-7. Radially decreasing magnetic field between poles of a cyclotron magnet,
showing shims for field correction.

Motion of any system under a restoring force which is proportional to
the displacement is oscillatory in nature. In Chap. 5 the equations of
motion were analyzed and general solutions were obtained of the resulting
oscillatory motion. The results, as they apply to the type of field used in
the cyclotron, can be summarized briefly. 1t was found useful to express
the radial rate of decrease of field in terms of a radial exponent or index n
defined by the relation [cf. Eq. (5-57)]

B = B (’%) (6-6)

where B, is the field at some fixed radius ro and B is the field at a different
) dB

radius r. The index 7 is obtained by differentiation to be n = — % I

In applying this concept to the cyclotron we determine the n value at any
radius r from the field B and the local radial field gradient dB/dr at r.
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Numerical n values will range from 0 at the center to values larger than
2 1n the fringing field at the edge of the poles. In Chap. 5 it was shown
that for particle oscillations about an equilibrium orbit to be stable for
both axial and radial coordinates, the value of n must be in the range
0<n<l.

The requirement of a radially decreasing field for axial focusing limits
the range of validity of the basic resonance relation, in which a uniform
field is required for resonance at constant applied frequency. The
compromise which makes the cyclotron a practical accelerator is that the
radial decrease in field be kept small so that resonance can be maintained
over a sufficient number of accelerations for the ions to reach maximum
energy. Experience is the best guide to the optimum magnitude of this
radial decrease and the shape of the field. Those cyclotrons which have
achieved high efficiency in acceleration of ions and a high-intensity beam
show a consistent shape of magnetic field. This is an approximately
linear decrease over most of the pole face out to the region where periph-
eral fringing sets in and where the decrease becomes more rapid. For
medium-energy cyclotrons (15 to 20 Mev) the total decrease below the
value of the central field out to the exit slit is about 2 per cent. The
radial decrease can be larger (3 to 4 per cent) in small machines in which
D voltage is relatively high and the number of revolutions small. It
should be smaller (~1 per cent) for very large cyclotrons which approach
the relativistic limit of ion energy (see Sec. 6-12) where maintenance of
resonance over the maximum number of revolutions is a prime requisite.

A typical radial field distribution is that of the MIT cyclotron (Fig.
6-8). This field gave the highest beam intensities and was the culmina-
tion of an exhaustive empirical program of field shaping. This program
used thin disk shims of various radii inserted in the two shimming gaps
outside the pole faces as well as ring shims of several sizes mounted on
the inner periphery of the pole faces. The values of the index n com-
puted from this curve are also indicated in Fig. 6-8. The n value rises
almost linearly from zero at the center to 0.02 at 15 in. (where fringing
effects start), then increases rapidly to 0.40 at 18.75 in. (exit-slit location)
and to 1.0 at 19.25 in.

Returning to the discussion of particle oscillations, we found in Chap. 5
that a particle displaced from the median plane in such a radially decreas-
ing field experiences restoring forces which produce transverse oscillations
about the median plane. The frequency of these axial oscillations is

f: = n"fo (6-7)

where f, is the cyclotron resonance frequency given by Eq. (6-2). The
initial amplitude z, of these oscillations will be determined by the internal
aperture of the D’s near the ion source. For the radial field distribution
described above, the frequency of axial oscillations is small compared
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with the orbital frequency over most of the pole face. At r = 15 in.,
where n = 0.02, for instance, f, = 0.14fo, so seven or more revolutions
are required to complete a vertical oscillation cycle. Irequency increases
to a maximum of about 0.6f, at the maximum practical exit-slit location.

The amplitude of the vertical oscillations decreases with acceleration
to higher energy and to larger orbit radii. This can be seen qualitatively
as a consequence of the increase in strength of the restoring forces while
the energy of transverse oscillations remains essentially constant. The
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Fig. 6-8. Measured values of magnetic field as a function of pole-face radius for the
MIT cyclotron.'* The curves show the uncorrected field and the field obtained with
disk shims and three sizes of ring shims at the edge of the poles.

damping relation of Eq. (5-70) shows that the amplitude is a function of
the quantity wn’¢, but it is not valid when the n value is extremely small,
such as near the center of a cyclotron. For this special case in which the
motion is nonrelativistic, we return to a study of the equation of this
oscillatory motion [Eq. (5-65)], which can be written

24 winz =0 (6-8)

The optimum shape of magnetic field in a cyclotron was found to be one
in which the n value rises approximately linearly with radius. The
angular frequency is nearly constant, and in Eq. (6-5) it was shown that
the orbit radius varies with the square root of the number of revolutions
and hence with the square root of the time of acceleration. Conse-
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quently, n is proportional to %, and Eq. (6-8) can be rewritten
2 4+ (const) t’%z = 0 (6-9)

This constant is an arithmetic combination of machine parameters, which
for the MIT cyclotron has the value 4.3 X 10'6. Equation (6-9) has an
analytic solution involving fraetional-order Bessel functions. It will not
be quoted here since it is valid only in the case where n is proportional to
r; In other cases it is necessary to integrate the equation of motion
numerically. In the particular case of the MIT cyclotron the solution
indicates a weak damping in the region in which n varies linearly with r,
with a value (2/20); = 0.53 at r = 15 in., where n = 0.02.

At larger radii the n value rises sharply, and Eq. (5-70) can be used to
estimate the additional damping. Amplitudes vary approximately with
n—", so the damping factor is given roughly by zio = (g—;)yz- For the
special case of the MIT cyclotron between r = 15 in. and r = 18.75 in.
(exit slit) the n value rises from 0.02 to 0.4, and the additional damping
factor (z/z0)2 = 0.22.

Combining the damping factors for these two regions of acceleration,
we estimate the over-all damping from center to exit slit to be 0.12 for
the MIT machine. The internal aperture of the D’s in the central region
is 1.6 in., so a possible initial amplitude is 0.8 in. and the final amplitude
should be about 0.1 in. The observed height of the emergent beam
(double amplitude) is about 14 in., in reasonable agreement with this
estimate.

A more detailed calculation of damping of axial-oscillation amplitudes
would require numerical solution of the equations of motion and should
also include the electrostatic focusing effects at the accelerating gaps,
which will be discussed later in this chapter.

A practical consequence of this compaction in axial width of the
envelope enclosing the ion oscillations is to make the problem of deflection
of an emergent beam considerably simpler. Beam width is a basic
parameter in the design of the exit-slit septum. On the other hand, the
narrow beam width is a disadvantage when targets are used in the
circulating beam, causing a serious problem in target cooling.

Radial oscillations also occur, about the ideal or concentric equilibrium
orbit location, with a frequency given by

fr=@Q —n)¥f (6-10)

Such oscillations can be induced at the start of acceleration by off-center
location of the ion source, which produces a lack of concentricity of ion
orbits with the magnetic field. At the start, where » is so small as to be
negligible relative to unity, the frequency of these radial oscillations is
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essentially equal to the ion orbital frequency. An orbit which is dis-
placed relative to the center of the magnetic field will continue to expand
in widening semicircles about the location of the displaced center. How-
ever, as the ions approach the radius of the exit slit, where the n value
rises to about 0.40, the radial-oscillation frequency decreases to

£, = 0.78f,

The decrease in f, causes the orbits to precess, so the azimuth of maxi-
mum amplitude moves forward around the circumference, first by small
steps and ultimately by large angular jumps in each turn. For the above
example of f, = 0.78f, the angle of precession per turn is about 80°. The
precessional motions of the individual particles are not coherent, so
particles of all possible phases of precession exist within the resonant
bunch. Particles of essentially the same energy will have a radial spread
given by their residual double amplitude of radial oscillation and will also
have an angular deviation from the equilibrium orbit. To illustrate with
a practical case, a radial-oscillation amplitude of 0.50 in., at an orbit
radius of 18.75 in. and an n value of 0.40, would result in an angular
divergence of 0.019 radian.

Precession of orbit centers during acceleration can occur as a conse-
quence of the unequal voltages between D’s along the D faces. Since
the D’s are the terminating capacitances of quarter-wave resonant cir-
cuits and have a physical extension along their faces which is a significant
fraction of the quarter wavelength, there will be a somewhat lower
potential at the ends of the D faces nearest the lines relative to that at
the extreme ends of the lines. This difference has been measured in
some cyclotrons to be as great as 5 per cent. The resonant ions will
receive an average smaller acceleration when crossing in one direction
across D faces than in the other direction. This will cause the orbit
centers to precess. The result is similar to that of a “bump’” in the mag-
netic field at one azimuth. The effect of such a precession is to increase
radial-oscillation amplitude. It can be partially compensated, under
steady conditions, by displacing the ion source away from the geometric
center. In some cyclotrons a displacement of the ion source of over 2 in.
has been necessary to give maximum emergent beam intensities.

The radiofrequency electric field between D’s also produces forces on
deviant particles, depending on the shape of the electric field and on the
phase of the rf cycle when particles cross the accelerating gap. The gap
between D faces can be considered a cylindrical electric lens. In Fig. 6-9
a schematic cross section of the D gap is shown, indicating the lines of
electric field and the direction of the forces on a particle crossing the gap.
We note that there are convergent forces on entering the gap and diver-
gent forces on leaving.
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The first effect noted is a net displacement toward the median plane,.
This is equivalent to the “thick-lens” displacement of off-axis rays in an
optical lens system. As for the optical case, it can be shown to be propor-
tional to the displacement z from the median plane. It is also propor-
tional to the ratio of energy acquired in a single crossing to particle
energy. It will be most significant for the first few gap crossings when
ions are at low energy.

The effect of the electric fields in a cyclotron was first analyzed and
published independently by Rose!¢ and Wilson'”!8in 1938. Both authors
considered the combined effect of the electric and magnetic fields, focusing
at various stages of the acceleration, the phase shifts occurring during
acceleration, and the significance in terms of the theoretical maximum

Fig. 6-9. Cross section of the electric-field pattern between the D’s of a cyclotron.
A typical ion path (exaggerated) illustrates the mechanism of electric focusing.

energy obtainable with a cyclotron. Their terminology and points of
view were different, but the conclusions were essentially identical. Both
described the vertical oscillations, and both showed that under certain
conditions the electric field is defocusing. A recent and more complete
analysis of the effects of the cyclotron fields by Cohen!® has corrected a
few errors and has also identified some additional defocusing terms in the
equations of motion. We shall not attempt here to duplicate the detailed
analysis, but shall describe the effects qualitatively.

Two mechanisms in electric focusing can be isolated and discussed.
First, since the ion is being accelerated to higher velocity during its
passage across the gap, the time spent in the convergent field on entering
is longer than that in the divergent field. This “energy change’’ effect is
most pronounced in early accelerations when ion energy is low and the
change in velocity is most significant. Wilson has shown that it is most
effective for a narrow gap between D’s with wide D aperture.

Second, particles crossing the gap will experience an electric field which
changes during the time of transit. In that portion of the rf cycle when
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the rf field is decreasing in magnitude, the convergent force on entering
the gap will be larger in magnitude than the divergent force on leaving,
so the net result is convergence. During the other quadrant of the
accelerating half-cycle, the effects will be reversed and the result will be
divergence. The magnitude of this “field variation” effect also decreases
with increasing particle energy and orbit radius, since the time spent in
crossing the gap, and hence the magnitude of the potential change,
becomes smaller.

The net result of these two major effects is an effective focusing only
during early stages of acceleration and for particles within a rather limited
phase band. The focal length of the equivalent electric lens is relatively
short for low-energy ions of the proper phase, but becomes very long for
high-energy particles. Each ion traverses the lens about 200 times. If
we visualize the spiral path of the ions as unrolled into a straight line, the
successive lenses of increasing focal length would be spaced at increasing
intervals proportional to the square roots of a series of integers [see Eq.
(6-5)]. The paths of ions through such a combination of converging
lenses has been analyzed by Rose. He finds them to have long-period
oscillations about the median plane, with an envelope which diverges
slowly, with 7%. We note that with electric-field focusing only, the ion
beam would diverge at large radii.

Electric focusing is strong enough to be significant only in the first few
accelerations; it is maximum during the initial quarter-cycle as the ions
are pulled out of the ion source and into the D. Such focusing can be
observed visually under conditions of high gas pressure in the chamber
when the beam of ions pulled from the source produces a faint blue glow.
This glow is observed to converge as it leaves the column of ionization at

the source and enters the D. Extensions on the D faces opposite the
source, called ‘“feelers’” or “auspullers,” have been used to improve beam
intensity; they decrease the physical spacings and increase the electric
field at the source. They also change the dimensions and focal proper-
ties of this first electric lens.

Quantitative experimental evidence on the effect of electric focusing or
defocusing is lacking, since it is difficult to isolate this feature from the
other factors which affect beam intensity. The long-period oscillations
due to electric forces have not been observed, since they are submerged
beneath the higher-frequency damped oscillations caused by the radially
decreasing magnetic field. The few empirical studies which have been
made with different shapes of feeler electrodes and ion sources have not
been sufficient to show the full effect of geometry on ion-beam intensity.

The combined effects of electric and magnetic fields would predict an
envelope which first increases in transverse thickness until it is limited by
the internal D aperture, followed by a steadily decreasing amplitude with
increasing ion energy and orbit radius due to the decreasing magnetic
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field. A few experimental studies have been made of the size of this
beam envelope. One technique has been to measure the width of the
region of induced radioactivity on the leading edge of probes inserted to
different radial locations. In one such test reported by Wilson the beam
width was found to be limited by the internal aperture of the D’s out to
about one-third of the final radius and then to narrow in a nearly linear
fashion out to the exit slit. The envelope calculated by Cohen'® for the
Oak Ridge cyclotron reaches its maximum at about one-half of the final
radius. In some cyclotrons the D’s have been shaped to conform roughly
to such a beam envelope, having wide inner vertical aperture in the
central region and tapering to a narrower width at the outer edge. In
several cyclotrons holes have been melted in the D’s in the inner region
where beam amplitude is large. Good design practice uses closely
spaced water-cooling tubes on the D’s in the central region to absorb the
heat produced by ions of excessive amplitude. A general conclusion is
that all cyclotrons experience a considerable loss in intensity during the
early stages of acceleration. In this situation a more detailed analysis
of fields, forces, and particle orbits during the initial accelerations might
yet yield useful and significant results.

6-4. PHASE RELATIONS DURING ACCELERATION

An ion crosses the gap between electrodes twice in each revolution,
each time gaining energy from the electric field. Since the rf potential
between electrodes varies harmonically with time, particles can be accel-
erated only during half of the cycle; during the other half they would be
decelerated. Those crossing the gap when the field is maximum will
require the smallest number of turns to reach maximum energy; those
crossing at other phases gain energy at a slower rate and make more
revolutions to attain maximum energy. We can express the time varia-
tion of electric field as

E = E,cos w(t + to) (6-11)

where the phase {, = 0 for maximum accelerating field. At the start of
acceleration (¢ = 0) ions released from the source, which is midway
between electrode faces, will gain maximum energy when the phase
wto = 0. The ion current pulled from the source by the rf field is greatest
at the instant of maximum field, since it seems certain from experimental
observations that the emission of ions is space-charge-limited.

We shall show that the ions which constitute the resonant beam start
their acceleration near zero phase but experience phase shifts during
acceleration. At all times, however, the ions of the resonant beam must
remain within the accelerating half-cycle. The phase relationships at
the start of acceleration can be understood by analyzing the initial ion
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paths in the region of essentially uniform electric field between the elec-
trode faces.

Consider a positive ion of charge-to-mass ratio ¢/m formed in a region
in which there is an electric field £ [given by Eq. (6-11)] along the v
coordinate and a constant magnetic field B in the z direction. Motion
will be confined to the xy plane, and the equations of motion in cartesian
coordinates are

d*x dy

mos = ell + Be 7 (6-12a)
2
mgg - Bej—zf (6-12b)

For cyclotron resonance the frequency of the applied electric field will be
equal to the ion revolution frequency:

w = 2nf = % (6-13)

Using the accepted symbols for time derivatives the equations of motion
become
.. el .
& = — - cos w(t 4+ to) + wy (6-14a)
j = — wi (6-14b)

We consider the ion to start from rest (¢ = ¢ = 0) at ¢ = 0 from the
origin. Solutions of the equations of motion above give the position of
the ion at any subsequent time:

x = 22“32 [sin wto sin wt — ¢ sin w(t + #o)] (6-15a)

F ) .
y = i—oz [cos wio sin wt — ¢ cos w(t + to) — 2 sin wie(l — cos wt)]

2mw
(6-15b)

Initial ion paths have been computed from these equations for deu-
terons at a frequency f = 13.5 megacycles (for which B = 17.7 kilogauss)
and an electric field £y, = 25,000 volts/cm, for several phase conditions.
The paths are plotted in Fig. 6-10. In this diagram the electric field is in
the z direction (D faces parallel to the y axis).

Several interesting results become apparent from the paths plotted in
Fig. 6-10. The central orbit is for zero initial phase, the optimum cyclo-
tron resonance condition, in which ions leave the source when voltage
between D’s is a maximum. The opening spiral path is in exact resonance
with the electric field, crossing the y axis at intervals of =, 27, 3w, etec.
One limiting phase condition (wiy = —=x/2) is for D-voltage zero and
increasing at the start; this particle travels in a wider orbit than the
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resonant particle. The other limiting phase is not shown (wty = 7/2),
but would be a mirror image of the —#/2 case. Intermediate orbits are
shown, for phases of +#/6 and +#/3. As stated earlier, the bulk of the
emission from the ion source will be concentrated in the interval when
electric fields at the source are high, roughly between the phase curves

Y

wt=27

Fig. 6-10. Initial ion paths in a uniform sinusoidal electric field along the z axis and a
magnetic field along the z axis. Orbits are shown for particles starting at the center at
several phases of the electric field.

for wto = /3 and —=x/3. This family of curves represents ions starting
toward the right D.

The most interesting result is the phase focusing for off-phase ions.
Small circled points on each curve in Fig. 6-10 show the positions of
particles at ¢ = {o, when D voltage is a maximum. These points cluster
closely around the y axis, even after only one half-cycle, and approach
zero phase asymptotically in subsequent passages. This means that all
ions from the source are bunched near zero phase, regardless of their
initial phase.
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It may also be noted here that cyclotron resonance exists even without
having electric-field-free regions within the D’s as was assumed in the
simple theory. The paths are opening spirals, rather than semicircles,
but the resonance condition is still satisfied.

Another significant feature of these initial orbits is the spatial concen-
tration for lons of all possible phases. With the exception of a narrow
band near wty = 7/2, all orbits swing clear of the ion-source location,
allowing the use of a tubular jacket around the column of ionization if
desired, or a support for a hooded source (see Sec. 6-6). Furthermore,
the whole family of orbits come to an approximate focus near the second
crossing of the y axis. This physical separation of successive orbits will
be sharper the narrower is the phase band being accelerated. Experi-
mental evidence for such separation of orbits near the ion source has been
reported by several experimenters. The most obvious evidence is the
observation of blackened circular bands on the interior surfaces of the
D’s after long operation. Presumably, these bands are due to dissocia-
tion and deposition of contaminant vapors in the chamber by those ions
of the resonant beams which have large vertical oscillations and so
approach or strike the inner D surfaces.

The above calculation and the plot of Fig. 6-10 were made on the
simplifying assumption that the electric field was uniform. However, in
practice the D faces are closely spaced and the electric fields do not pene-
trate far into the D’s, so the larger orbits are shaped solely by the mag-
netic field. A better approximation is to assume that the electric field
goes to zero at planes x = +xp, which are typical of the D spacing in
cyclotrons. Another set of orbits have been computed for this case, in
which zp = 2 em, and in which the orbits become segments of circles
outside zp (Fig. 6-11). The phase focusing and spatial focusing are less
complete than in the uniform-field plot, but are still observable. After
a relatively few turns the orbits approach the pattern of connected semi-
circles assumed in the elementary cyclotron theory.

As the acceleration continues, a phase shift will result if the ion fre-
quency differs from the applied frequency of the electric field. A decrease
in ion frequency does occur as a result of the small radial decrease in mag-
netic field required for focusing, of about 2 per cent as described in the
preceding section. At high ion energies the relativistic increase in mass
will cause an additional drop in ion frequency, of about 2 per cent for
20-Mev protons or 1 per cent for 20-Mev deuterons (see Sec. 6-12).
If the applied frequency were maintained at the initial ion frequency,
this would cause the ions to lag behind the voltage maximum so the
phase would shift into the decelerating part of the cycle and the beam
would be lost.

The method used in practice to avoid loss of resonance is to use an
applied frequency intermediate between the initial and final ion fre-
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quencies. The ions will first lead the voltage maximum causing a phase
shift toward, but not exceeding, the phase of zero voltage. Then, when
ions reach a radius at which the magnetic field corresponds to an ion fre-
quency equal to the applied frequency, the phase shift stops, and for
further acceleration the shift reverses and approaches again the phase of

|
I
|
I v

Fig. 6-11. Initial ion paths with the electric field confined between D edges.

maximum field. When the ions reach the radius of the exit slit and
enter the deflector channel (see Sec. 6-7), they should again be close to
zero phase. This is necessary so the difference in radius of successivVe
paths, Ar, is large enough for them to pass behind the septum and enter
the channel. So the practical maximum migration in phase will be
from zero to —=/2 and back to zero, a total phase migration of = radians
or one half-cycle.
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The actual technique used to control resonance in a cyclotron is to
vary the magnetic field, with the applied frequency held constant. The
result is the same as discussed above. At the start of acceleration the
central field is higher than that specified by the applied frequency, so the
ions lead the voltage wave and the phase shifts toward —x/2; at large
radii the field is lower and phase shifts in the opposite direction.

The shift in phase during acceleration is illustrated in Fig. 6-12, in
which three half-cycles of the radiofrequency are shown. The initial
electric acceleration will produce focusing for particles within the shaded
quarter-cycle (while potential is decreasing in magnitude during passage
of the particle across the gap), but intensities are a maximum and
acceleration greatest for a band (labeled A) at near maximum voltage or
near zero phase. An intermediate acceleration shows this group of ions

Intermediate C
acceleration
X 0 r/2 ,
-7/2 0 /2 ’ -7/2 0 m/2
Phase angle
B
Initial Final
acceleration acceleration

Fig. 6-12. Phase shift during acceleration of a preferred band of ions, labeled A at
the start, B at an intermediate time, and C at the final acceleration.

(labeled B) at the extreme phase shift almost to —x/2. In the final
acceleration the band (labeled C) is again near zero phase to provide
sufficient change in radius per turn to emerge through the deflector
channel.

Tuning of a cyclotron to obtain the highest energy and highest-intensity
emergent beam depends on keeping the total phase shift within the limits
described above. The location of the exit slit is extremely critical in this
respect, since the magnetic field is falling steeply in this region and
Increasing the radius causes the phase shift to increase rapidly. Increas-
ing the D voltage requires fewer turns for acceleration to maximum
energy and will compensate for a larger phase shift. However, D voltage
is usually limited by technical considerations of power and spark break-
down and cannot easily be pushed above a practical maximum operating
value for a given cyclotron chamber and D assembly. D voltage can
also be raised by decreasing the loading current to the D’s, for example,
by decreasing gas flow to the source, but the yield of ions is also reduced.
In each cyclotron a practical compromise is reached between these
several factors, which usually results in accepting a smaller exit radius



THE CYCLOTRON MAGNETIC RESONANCE ACCELERATOR 157

and lower beam energy than the maximum obtainable value in order to
maintain the desired beam intensity.

When internal targets are used to intercept the resonant beam, the
Ar limitation applying to an emergent beam is removed. The practical
phase shift will be from zero to —=/2 and back to = radians, a consider-
able increase in total phase shift. As a consequence, the resonant beam
intensities on such a target will be considerably higher than the emergent
beam, and target location can be at a somewhat larger radius, resulting in
higher ion energy.

6-5. VACUUM CHAMBER AND ELECTRODES

The chamber which fits between the poles of the electromagnet and
contains the D’s, the ion source, and the deflecting electrode is arranged
to serve many purposes. It must be vacuum-tight, mechanically designed
with adequate structural strength to resist distortion when under vacuum,
constructed of nonmagnetic materials to prevent any disturbance of the
symmetrical magnetic field, of high electrical conductivity to provide low
resistance for the radiofrequency currents, and equipped with a large
number of ports and apertures for inserting the many electrodes and con-
trols. The design that has evolved is a framework of thick walls with
many ports through the sides and with large circular apertures top and
bottom filled by iron chamber lids which are extensions of the magnet
poles. A photograph of the Massachusetts Institute of Technology
chamber which is typical of present design is shown in Fig. 6-13. Its
design features will be described below.

The structural frame of the chamber has been formed successfully in
several laboratories from rolled brass hoops; others have used welded
structures of thick plates of nonmagnetic stainless steel. Still others
have used soldered or brazed assemblies of copper-alloy plates. A
few have been successful in obtaining vacuum-tight bronze castings.
Improved metallurgical techniques now make it possible to obtain large
castings free from porosity. The MIT chamber is such a casting. All
surfaces are machined, and many tapped screw holes are provided to
bolt ports over the apertures and retain vacuum seals.

The soft-iron chamber lids rest on ledges machined in the chamber
walls, with faces accurately parallel. The circular edge is sealed by a
gasket joint under pressure of a packing ring held by a ring of bolts.
Most cyclotrons use water-cooled copper sheet liners on the inner faces
of the lids to provide a high-conductivity surface for rf currents. How-
ever, at MIT the inner surface of the lid is copper-plated to allow maxi-
mum clearance to the D’s.

The D’s are inserted through a large rectangular port in the rear of the
chamber. Rectangular ports on the side faces are used to mount the
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movable trimmer capacitor plates, the probe target, and the emergent
beam port. A circular window allows inspection or insertion of probes
along the diametral line between D’s. The ion source is mounted
opposite the window between D stems, with the cathode and anode leads
paralleling the D faces.

Fig. 6-13. Shop assembly photograph of the MIT eyelotron chamber.

The D’s are supported on large-diameter (8-in.) stems within even
larger (24-in.) eylinders which form a resonant circuit for the radio-
frequency electric oscillations used for acceleration. The electrical prop-
erties of the rf system are deseribed in a later section.

The coaxial D lines are connected to the chamber through tapered
cones with oval cross section at the chamber wall. The inner stem which
supports the D is formed from heavy copper tubing of 8 in. diam flattened
into an oval shape where it enters the chamber, and the D structure is
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built onto and supported by this flattened tubing. This oval shape of
D lines at the throat improves mechanical rigidity, increases surface area,
lowers rf resistance, and results in higher electrical efficiency. \/Iany
water-cooling tubes are soldered internally to the D’s and D lines. In
fact, 1t has been found necessary to have these tubes spaced as closely as
2 to 3 in. to prevent local heating and warping of the D’s under power.
Approximately 10 kw of heat is dissipated in each D and D line during
operation. Other water-cooling circuits are distributed hiberally around
the coaxial lines, cones, and chamber walls, where experience shows the
need.

The D’s in the MIT cyclotron have a maximum outer width of 214 Lg in.
in the central region and are tapered over the outer half of their radius to
a rounded edge having a 2-in. diam. The gap between chamber lids was
chosen to be 5 in., leaving 114-in. clearance between D’s and lids. This
relatively short gap and small clearance are just adequate for maximum
energy operation of this machine, resulting in a D-voltage limit of about
70 kv due to breakdown. Larger clearances are required for the higher
D voltages needed in larger cyclotrons.

The deflector electrode and ejection septum are mounted within one
D; the high-voltage electrode is supported coaxially along the center of
the D stem on suitable insulators. The design of this deflector system is
described in more detail in a later section of this chapter, as are the other
components such as ion source and targets.

6-6. THE ION SOURCE

The source of ions used in most modern cyclotrons is a low-voltage, hot-
cathode arc discharge. The discharge produces a dense column of ion-
ization which is collimated by the strong magnetic field and crosses the
center of the cyclotron chamber between D’s. Positive ions formed in
this region of ionization are pulled out and accelerated by the radio-
frequency electric field of the D’s.

The arc discharge itself is produced in a small metal-walled cavity
located on the floor of the chamber against one pole face; it encloses a hot
cathode which maintains a discharge current of 2 to 3 amp at relatively
low potential, commonly 100 to 150 volts. In a typical ion source an
intense beam of electrons of 1 to 2 amp emerges from the cavity through
an exit hole in a truncated cone, aligned with its axis along the direction
of the magnetic field. Gas is admlt’ced to the discharge cavity from an
external supply and flows out the exit hole with the electrons. This exit
hole also permits a pressure differential to maintain an adequate gas
pressure for the discharge within the cavity (estimated to be 102 mm
Hg). The beam of electrons ionizes gas emerging from the exit hole, so
ions are formed in place between the D’s.
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In the earliest cyclotrons an exposed cathode was used, located against
one pole face near the center of the chamber. Ions were formed in the
gas at low pressure which filled the entire chamber, and very low beam
intensities were obtained (l-pa resonant beam). Such an exposed
cathode can be seen in Fig. 6-1, which shows the first model-sized
cyclotron.

The use of an arc source was first reported by Livingston, Holloway,
and Baker?t at Cornell University in 1939. It was an adaptation of the
metal-capillary arc (Chap. 4). This first installation was in a small
cyclotron with low-speed pumps. The discharge column was contained
within a 1¢-in. copper tube extended across the chamber, with a small
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Fig. 6-14. An early MIT ion source using symmetrical cones and probes.

exit hole in the side opposite one D. The ion paths were large enough to
clear the tube in their first accelerations.

With the development of high-speed pumps for larger cyclotrons the
exit hole has enlarged so the capillary can be removed and the surface of
the discharge column can be exposed to the electric fields of the D’s.
The shape of the arc-discharge cavity and of the cones for the exit hole
has been the subject of competitive development in several laboratories,
and many rather distinct types have proved successful. A review article
on cyclotron ion sources?® described the several designs and techniques
developed by 1946.

Three stages of the development to higher-intensity sources are shown
in Figs. 6-14 to 6-16. An early MIT source'* used a symmetrical, double-
cone structure in which the second cavity housed a test anode which was
useful in aligning the cathode with the exit hole and in monitoring ion-
source operation. Others used a single cone which terminated short of
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the median plane and a water-cooled plate on the opposite side of the
chamber to absorb heat from the electron beam. An improved version
of the single-cone source is the “hooded are”’2® (Fig. 6-15). The hood
limits the length of the exposed column of ionization and avoids loading
of the rf power supply for the D’s with currents due to nonuseful ions
coming from a more extended source. A more recent development, by
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Fig. 6-15. Hooded-arc ion source. (Carnegie Institution.2s)

R. S. Livingston and R. J. Jones?” of Oak Ridge, is designed for a cyclo-
tron of wide D aperture and has an arc-discharge cavity extended across
the D face with a long, narrow slit facing a slotted accelerating electrode
mounted on one D.

Techniques have steadily improved with years of development. The
cathode is now formed of heavy tungsten or tantalum rod, formed as a
short-stemmed “V”” or “U,” clamped in terminating lugs and using large-
diameter water-cooled leads. The largest cathode reported is the
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0.170-in.-diam tantalum rod used in the Oak Ridge source; it requires
500 amp at 4 volts de for heating. The heating power is either dc¢ or
high-frequency ac (~100 ke) to avoid damage from vibration in the mag-
netic field at low frequencies. Cathode life is a function of gas composi-
tion and is materially shortened by traces of oxygen. Lifetimes in service
of 100 to 200 hr have been reported. The limit is due to erosion of a
small area the size of the exit hole on the cathode surface, which repre-
sents the effective emitting surface.

Erosion of cone tips or arc-cavity slits is another limit to ion-source
operation. Metals such as copper-tungsten alloy have been used, and
water cooling of the arc body is common. Graphite is coming into wide
use for cones, arc bodies, and also for D feelers or accelerating electrodes;
it operates at high temperatures with a minimum of sputtering or
evaporation. Many variations on cone-and-slit design have been used,
and no one design has yet gained general acceptance.

The length of the exposed column of ionization seems to determine
beam intensity. It is limited by the vertical aperture of the D’s or the
space between D feelers. If the column is too long, off-focus ions tend
to load the D circuit and increase rf power requirements; if power is
limited, D voltage is reduced. At various times this optimum length has
been studied for a particular cyclotron. At MIT, with an internal
D aperture of 1.6 in. the optimum length of ionization column was 3§ in.
For 4-in.-wide D’s in the Carnegie Institution 60-in. machine it was 13g-in.
The Oak Ridge cyclotrons have been designed for very high intensities,
and the source described above has a slit 214 in. long. For each cyclotron
there will be an optimum length depending on the D aperture, the shape
of the ion source and accelerating structures, the available rf power, and
the available pumping speed for evacuating gas from the source.

Typical operating characteristics of a hot-cathode arc of modest power
and beam output would be: are current, 3 amp; arc voltage drop, 100
volts; electron beam from exit hole, 2 amp; gas flow, 2 cm?/min at atmos-
pheric pressure. The resonant ion beam pulled from such a source by
the rf fields of the D’s might be about 0.5 ma. The beam intensity is
limited by space charge in the column of ionization and can be improved
by careful design of the electrode structures or by the use of feelers on the
D edges to increase the electric field.

Another development of the Oak Ridge group is the “hollow-anode ion
source,””?® used for both light and multiply charged heavy ions (Fig. 6-16).
It is a modification to cyclotron conditions of the electron oscillation
source known as a P.I.G. (see Sec. 4-8). It was specifically developed
for large cyclotrons with wide D faces and high rf power. In this source
electrons are emitted from two secondary-emission cathodes at the ends
of a hollow graphite anode with quartz sleeves. A long, narrow slit in
the anode allows ions to emerge, where they are pulled into the D’s by
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the field on a slotted accelerator electrode. A potential of about 5 kv is
required to strike the arc, dropping to about 600 volts in operation. Gas
is introduced into the anode cavity from an external supply, and the
narrow slit acts as a flow resistance. Resonant beam intensities of up
to 3 ma of H* ions have been obtained from such a source.

Even higher-intensity sources are possible if adequate power is avail-
able for acceleration. There seems to be no practical limit to intensity if
sufficient effort is spent on development of other components of the
cyclotron to control heat and prevent damage.

Hollow anode

O

Fig. 6-16. Hollow-anode (P.I.G.) ion source, Oak Ridge National Laboratory.2®

6-7. DEFLECTOR

The purpose of the deflecting electrode is to pull the resonant ion beam
out of its circular path and direct it against an external target. At a
chosen maximum radius R a thin septum is inserted having a larger
radius of curvature R + AR which splits the resonant beam and allows a
fraction of the ions to pass into a channel behind the septum. This is
shown schematically in Fig. 6-17. An insulated electrode mounted
behind and parallel to the septum is maintained at high negative dec
potential, which provides an electric field to deflect the ions outward.
The deflected beam traverses an opening spiral as the ions cross the weak-
ening magnetic field at the pole edges and passes out of the chamber
through a suitable port, beyond which external targets can be located.
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Voltage needed for deflection depends on ion energy 7, the width of
channel to contain the ion beam d, and the deflected orbit radius B + AR.
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Fig. 6-17. Internal deflector electrode and septum for obtaining an emergent beam.

An estimate can be obtained by combining the relations for orbit radius
with or without the deflecting potential V:

mv2_B

' - 7Y Va _ 2T AR 616
met Vel T R R+AR (6-16)
R+¥ar - """ d

Evaluating for the 18.75-in. radius and 16-Mev deuterons of the MIT
cyclotron, with an average deflector spacing d = 0.3 in., we find

For AR = 0.1R: Va4 = 47,000 volts
For AR = 0.2R: Va4 = 87,000 volts
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A small value of AR means that the deflector channel diverges from the
particle orbit slowly, so a long channel is required to pull the beam out
through the fringing magnetic field. A large AR requires high potential
on the deflector, which may exceed the breakdown limit. Under oper-
ating conditions an intense beam of ions traverses the channel and
divergent ions bombard the electrodes; this produces ionization in the
residual gas and limits the gap breakdown potential. The optimum
choice depends on the individual characteristics and physical dimensions
of the cyclotron. A typical figure, used in the MIT cyclotron, is a
AR of 0.15R.

The deflector gap is usually tapered to accommodate the diverging
beam. Spacings as small as 14 in. can be used at the entry slit, opening
to 14 in. or greater at the exit. The limit at the entry is set by the Ar
between successive turns at this radius, which can be obtained from Eq.
(6-5) in the form

Ar _ 141 Vg (6-17)

since AT = 2V, (two accelerations). For Vi =80 kv, T = 16 Mev,
and B = 18.74 in., we find Ar = 0.1 in.

The beam entering the exit slit has a finite energy spread and also an
angular divergence associated with the residual radial oscillations of the
resonant beam. In Sec. 6-4 the properties of these radial oscillations
were discussed. It was shown that they lead to precessional motion of
the individual particle orbits and an angular divergence of the particles
entering the exit slit of up to 0.019 radian, for a radial-oscillation ampli-
tude of 0.5 in. In a deflector channel of 20 in. length this would cause a
beam spread of about 0.4 in. The deflector channel is tapered from 14 to
1% in. along its length so as to accept particles with this radial-oscillation
amplitude. Amplitudes are apparently considerably larger than this for
a considerable fraction of the resonant beam, so we expect that the
channel dimensions will limit emergent beam intensity to a fraction of
the available intensity in the resonant beam. Again, the designer and
experimenter attempt to achieve a practical compromise based on channel
dimensions and the voltage breakdown limit for deflecting potential.
The reduction of radial amplitudes by careful shaping of the magnetic
field becomes an important feature in achieving the best emergent beam
intensities.

With such an initial angular divergence and radial width of the deflected
beam, it will diverge even more rapidly as it passes through the rapidly
decreasing magnetic fringing field. At the location of the emergent
beam port it will have a wide radial spread. The observed radial width
of the emergent beam in the MIT cyclotron is over 2 in., at a distance of
about 60 in. measured along the spiral path. Emergent beam intensities
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up to 25 per cent of the resonant beam intensity have been obtained
under optimum conditions; for example, deuteron emergent beams of up
to 150 pa have been obtained with a resonant beam of about 600 wa.
However, such perfection in tuning and alignment is difficult to maintain,
and practical operating intensities would in this case be limited to 80 or
100 pa.

The maximum orbit radius R, at which the deflector septum is located,
is determined primarily by the radial decrease of magnetic field. Tech-
niques for shaping of magnetic fields by shimming will be described in a
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Fig. 6-18. Computed energy of deuterons as a function of orbit radius in the MIT
cyclotron, showing location of exit slit. The n value computed from the magnetic
field is also shown.

following section. A typical plot of magnetic field as a function of radius,
obtained after suitable field shaping of the MIT cyclotron, was shown in
Fig. 6-8. The maximum energy obtainable with a particular cyclotron
is determined by the maximum value of the product B?R? following
Eq. (6-4). Using the measured values of field, the energy in the MIT
cyclotron has been computed for each radius, and the result is plotted in
Fig. 6-18.

The plot of energy as a function of radius falls below the theoretical
curve for constant field, first slowly because of the small radial decrease
required for focusing and then more rapidly because of fringing fields at
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the pole edge. It reaches a maximum value at a point well inside the
pole edge and then decreases for larger radii. This point represents the
maximum energy obtainable with a given central field. The septum
defining the exit slit for the deflector should be located as close to this
maximum energy radius as is compatible with maintenance of resonance
and of a high-intensity emergent beam. In the plot of Fig. 6-18 for the
MIT cyclotron the radius of maximum energy is 19.25 in. and the experi-

mentally determined location of the septum is at 18.75 in. On this same
To dB

figure a curve is plotted of the computed values of the index n = B d
also shown in the field plot of Fig. 6-8. The n value is observed to rise
steeply in the fringing field, reaching 0.40 at the location of the septum
and 1.0 at the point of maximum energy.

Also shown as dashed curves on Fig. 6-18 are the computed values of
energy versus radius for two lower values of magnetic field (with different
shimming) used earlier in the process of tuning the cyclotron to higher
energy. The maximum energy radius is not a definitely established posi-
tion, but is actually larger at lower fields. This is associated with satura-
tion of the corners of the pole edges at high flux densities. The locations
of the deflector septum for these lower-field conditions were found to be at
correspondingly larger radii, shown in the figure.

In order to adjust the location of the deflector septum to optimum in
the MIT cyclotron, the deflector was designed to have an adjustable
radial location. This was accomplished by pivoting the septum bar at
the exit end of the channel; the water-cooling tubes which pass out of
the D stem were used as levers to swing the entry end across a short arc
so that R could be varied between 18 and 19 in.

Designing the correct, curved shape for the deflector septum and its
paralleling deflector electrode is a straightforward but laborious process.
The ion trajectory can be plotted step by step through the decreasing
magnetic field and the decreasing electric field in the tapered channel,
choosing appropriate values for deflecting potential, ion energy, and exit
radius R. A set of such plots can be used to pick a set of diverging orbits
which will emerge at the desired place on the chamber wall and for which
the required deflecting potentials are acceptable. It will be found that
the opening spiral can be fitted adequately by a septum which is a circular
arc of radius R 4+ AR, where AR is about 0.1 R or 0.2 R, asdiscussed above.
Nevertheless, such calculations and designs can only be approximate, and
it is desirable to have adjustable controls on deflector spacing and loca-
tion which can be trimmed empirically for maximum beam intensity in
operation.

A septum made of a thin solid-metal sheet will be bombarded by a con-
siderable fraction of the resonant ion beam and will be damaged unless
carefully designed and cooled. The energy in the resonant beam can be
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greater than 10 kw for medium and large cyclotrons. Tungsten sheet
was one of the earliest materials to be used successfully for a solid septum,
but even tungsten is melted in a 10-kw beam. One technique used to
prevent melting is to form the septum with a narrow slot on the median
plane, of about the width of the resonant-ion beam. This narrow slot
does not decrease the deflecting field seriously and allows most of the
resonant beam to pass into the deflector channel without striking the
channel walls. In the MIT cyclotron the septum is formed of two strips
of tungsten, 0.020 in. thick and 12 in. long and with the edges spaced
1¢ in. apart. Kach strip is silver-soldered to a copper bar bent to the
correct curvature, with copper tubing also soldered to the bar for cooling.
Other designers use a long V slot in a tungsten-strip septum, so the heat is
distributed over an extended surface area.

In the modern cyclotron with large-diameter D stems, the deflecting
electrode is mounted on the end of a long supporting rod along the axis
of one D stem, and the electrode itself is totally enclosed within the D.
The electrode must be insulated for the 50 to 100 kv required, and the
positioning adjustments work through insulators. It can be noted that
no rf potential is transmitted to the deflector power supply with this
mounting. The de¢ potential for the deflector is provided by a high-
voltage rectifier unit equivalent to the power supply for an X-ray tube,
and offers no unusual problems.

Some cyclotrons have been designed with deflector electrodes mounted
through the chamber wall outside of the D, shaped to form the deflecting
channel and extending around the outside of the D for 60 to 70° of arc.
The rf field between D and deflector adds to the de¢ field in varying
amount along the length of the channel, depending on the rf phase as a
function of the angular position of the ions. This reduces somewhat the
de potentials required. In this position large rf potentials are induced on
the electrode, and rf bypass capacitors are required to prevent the radio-
frequency from damaging the deflector voltage supply ; these are normally
located just outside the chamber wall and enclosed within a metal shield
to prevent rf power radiation into the laboratory. The control of dis-
charges in the narrow channel between D and deflector has been a serious
problem with this design. Nevertheless, some laboratories have been
successful in obtaining very-high-intensity emergent beams.

6-8. RADIOFREQUENCY OSCILLATOR

The design of the radiofrequency power supply for the D’s of a cyclo-
tron should be a straightforward radio engineering problem. Many of
the features of the rf power unit have in fact been taken bodily from
experience in transmitter engineering for radio broadcast systems. How-
ever, the cyclotron system has an unusual property associated with the
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variable ion loading and electrical discharges in the chamber which
affects load impedance, so that the impedance is not constant as it is for a
transmitting antenna. As a consequence, most transmitter experience
and much of the advice from radio engineers have proved inapplicable.
Physicists and their helpers in the cyclotron field have, of necessity,
become specialists in high-frequency electronic engineering. In early
cyclotrons the oscillator required a great deal of effort in the form of
improvisation and rebuilding to keep pace with the growing need for
higher D voltage. The accumulated experience has led to a variety of
answers to the special problems of the cyclotron, several of which have
proved satisfactory.

The problem is to produce a high-frequency potential difference of 100
to 200 kv in the frequency range between 10 and 20 megacycles/sec,
between the opposing faces of the ID’s. Resonant circuits are required
to transform from the potentials available with conventional high-fre-
quency circuits using vacuum power tubes. These resonant circuits
must be mechanically rigid to maintain a stable frequency and must have
high electrical efficiency (high Q) to keep power requirements reasonable.
The oscillator circuit must maintain suitable D voltage under all condi-
tions of ion loading, recover automatically from extreme load conditions
such as sparks or gas discharges, and protect the power tubes from
damage.

The resonant circuit is electrically equivalent to a pair of quarter-wave
coaxial transmission lines with the D’s supported on the ends of the inner
conductors. In large modern cyclotrons these coaxial lines are of large
diameter and solidly constructed so the inner electrodes and D’s are self-
supporting and no solid insulators are required. D lines are made of
copper and are water-cooled by tubes soldered to the inner surfaces, to
obtain low resistances and high . The outer conductors provide shield-
ing against radiative losses and can also be incorporated as part of the
cyclotron chamber vacuum system, where they can serve as large-diam-
eter pump leads. Inner and outer conductors are connected at the
electrical node by a copper disk which is movable, so the electrical length
of line can be varied to cover the desired range of frequency; clamps to
make positive electrical contact are essential. Usually the inner elec-
trode support is brought out through a vacuum seal beyond the node,
with screw adjustments which are used to position the D’s.

The coaxial lines and D’s for the MIT cyclotron, which is typical of
modern design, are illustrated in Fig. 6-19. In this machine the outer
conductor is formed of 24-in.-diam copper pipe and the inner conductor of
8-in.-diam copper pipe. Even larger coaxial lines are used in higher-
energy cyclotrons, up to 48 in. outer and 12 in. inner diameters in some
cases. In the MIT design the inner conductor is flattened into an oval
shape at the edge of the chamber, and the D is a smoothly shaped exten-
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sion of the oval pipe. The tapering and the smooth, rounded shape of
the D are intended to provide maximum mechanical strength and to
minimize electric fields at the surfaces.
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Fig. 6-19. Schematic diagram of the coaxial quarter-wave D-line circuit of the MIT
cyclotron.

The equivalent circuit of the cyclotron is shown in Fig. 6-20, in which
the distributed inductance, capacitance, and rf resistance of the lines and
D’s are represented by the lumped constants Ly, C'1, Ry, and L,, Cs, R for
the two similar circuits, and €’ is the D-to-D capacitance between the
diametral faces which couples the two circuits. The resonant-ion load

—— PP

i‘ \\V—“"“I
. R
I ]
I
NNV A'AA%
LAY
R, c’ R,
L, L,
-C, —-0C,
Oscil. % é Oscil.
M, ~ M,

Fig. 6-20. Equivalent electric circuit for the D’s and D lines of a cyclotron. The two
quarter-wave resonant circuits Ly, R;, Ci, and Ls, R», C: are coupled by the D-to-D
capacitance C’ and loaded by the ion beam load R’.

might be represented as an additional resistance R’ paralleling C’. The
two circuits are precisely tuned to resonance at the same frequency. If
the two coupled circuits are mistuned, two shunt resonant frequencies
will result, and the D voltages will be unequal.

Input power can be coupled most conveniently to the D circuits at the
outer end of the coaxial line. This is near the voltage node, where cur-
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rent is a maximum, and magnetic coupling is the obvious method. This
is accomplished by a loop coupling the magnetic field inside the coaxial
line, inserted through holes in the outer conductor through vacuum seals.
The area of the loop determines the linkage and can be varied by raising
or lowering the loop to match the impedance of the load. In principle a
single loop driving one D line is sufficient, with the other D being coupled
through the D-to-D capacitance. In practice a symmetrical system
using two power tubes in push-pull and two coupling loops is the more
common arrangement. In the equivalent circuit (Fig. 6-20) these loops
are shown, with schematic connections to the oscillator circuit and with
the mutual coupling inductances indicated as M, and M,.

The circuit illustrated has several modes of oscillation. The normal
push-pull mode, in which the two D’s operate with phases opposed, pro-
vides maximum D-to-D voltage for ion acceleration. In a simplified
case where the constants of the two circuits are identical (L; = L.,
Cy = (., ete.) and coupling to the oscillator is neglected, the frequency of
the push-pull mode is given by

_ 1
for = 2r[L(C + 2CNH)%

Another fundamental mode of oscillation is the push-push or parallel
resonance mode, in which the D’s are in the same phase. Since in this
mode there is no voltage between D’s, the coupling capacitance C’ is not
effective, and the frequency is given by

1
Fou = 5T OV

(6-18)

(6-19)

The resonant-ion load is zero when there is no voltage between D’s, so
the circuit has a higher @ and will tend to oscillate in this mode unless
suppressed.

Other modes are possible when the coupled circuits in the oscillator are
considered ; these can be lumped together as parasitic oscillations. They
are generally of higher frequency than the normal mode, and D voltages
are much smaller or zero. These depend strongly on the physical dimen-
sions of the external oscillator circuit and so are dependent on the par-
ticular design. They can be identified by an expert and suppressed by
the addition of suitable grounding straps, bypass capacitors, etc. The
only general rule is: The simpler the physical structure and the shorter
the leads and connections, the less subject is the oscillator to parasitics.

A satisfactory alternative to two coaxial lines is a single shielded-pair
arrangement, with similar large dimensions for the conductors. Although
the mechanical construction is more complicated, it has certain advan-
tages as an electric circuit. The D-to-D capacitance is increased by the
paralleling line-to-line capacitance, separating mode frequencies and
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making the circuit more stable in the desired push-pull mode of oscilla-
tion. The location of the node of zero radiofrequency potential is more
readily available for tapping or adjustment, and the loop coupling the
power oscillator to the resonant circuit can be designed more efficiently.
This arrangement has been adopted in several of the larger cyclotrons,
notably those built by the Collins Radio Company for the Brookhaven
National Laboratory and for the Argonne National Laboratory. The
most serious fault was found to be the mechanical problem of the movable
node. Original designs did not provide adequate contact in the brushes
to carry the high rf currents, and solid clamps had to be installed. The
physical shaping of the node plate to carry the large rf currents has
required detailed study. The node plate must also have large holes or
apertures if pumps are located behind the node.

A technique frequently used to adjust or trim the relative resonant fre-
quencies of the two D-line circuits is to use one or more trimmer capaci-
tors which can be adjusted by remote control under full power operation.
Such a variable capacitance can be provided by a movable plate on the
side wall of the chamber facing one edge of the D. It must have excellent
electrical contact to the walls for the radiofrequency currents and a range
of motion sufficient to tune over about 1 per cent in frequency. The
availability of such a tuning device makes it possible to adjust relative D
voltage as desired for optimum operation.

The large amount of gas ionization produced between the D’s when
voltage is applied to the electrodes usually sets up a low-voltage, high-
current discharge which is self-maintaining. This is the familiar “blue-
glow”’ plasma discharge, maintained by secondary emission or electron
“multipactoring’; this discharge causes gaseous ionization at high pres-
sures. In the cyclotron the heat generated in the discharge liberates
large quantities of gas from the metal surfaces and maintains the high
pressure. This is particularly true at the start of operation after the
chamber has been opened to air. Continuous operation under vacuum
outgasses the surfaces, and the rate of gas evolution is eventually reduced.
Fast pumps are required to evacuate this gas as it is produced and to
keep the pressure as low as possible. Even the fastest pumps employed
to date in any cyclotron are insufficient to keep the pressure below the
threshold for blue-glow discharge during initial operation, but after some
conditioning of the surfaces, fast pumpscan maintainalow enough pressure
to reduce the occurrence of such discharges significantly. This loading of
the D circuit by discharge currents holds the D potentials down to a few
hundred volts, too low to be effective in accelerating resonant ions. The
radiofrequency D potential is also too low to provide adequate excitation
for a self-excited oscillator. Unless the loading is removed, the chamber
will continue to operate in the low-voltage, blue-glow discharge condition
indefinitely.
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When the circuit is operating at high D potentials, a different kind of
discharge occurs frequently during conditioning. This is high-voltage
sparking between a DD and the grounded chamber lids, collimated by the
magnetic field and sharply localized in position. It is apparently caused
by secondary-electron emission from points, dust particles, or hot spots
on the surfaces and is most frequent in regions where spacing is short or
where curvature is sharpest, such as along D faces. In conditioning a
fresh chamber these spark discharges occur like rain above and below the
D’s, until the whole surface is speckled with small discolored spots. This
sparking will gradually decrease under high-voltage operation, but it sets
the ultimate limit on D voltage for a cyclotron. The voltage limit can
be raised by designing for greater clearance between D’s and chamber lids
and by providing round, smooth contours and clean, polished surfaces.
It is common experience, however, that no amount of smoothing or polish-
ing will eliminate the necessity of some high-voltage conditioning under
vacuum. Clean laboratory techniques in preparing a chamber for
reassembly after opening are essential; dust should be controlled and all
grease removed (even fingerprints), and under no circumstances should
steel wool or coarse abrasives be used in cleaning.

The oscillator circuit must be capable of driving the cyclotron through
these varied conditions of sparking and discharge, without the necessity of
tuning or of manual resetting of overload relays. Operation should be
independent of minor frequency variations caused by ion loading or by
vibrations or warping of the D’s. The circuit must provide an electric
field to sweep ions and electrons out of the chamber rapidly enough to
prevent cumulative ionization and must be able to pull out of the blue-
glow discharge condition automatically.

A variety of oscillator circuits have been developed, with varying suc-
cess. Competing philosophies of circuit design have led to many friendly
arguments between cyclotronists. Since each system has ultimately
succeeded in its prime purpose of powering a cyclotron, it is difficult to
assess the relative merits of the widely different systems. These circuits
can be classified in two major divisions: (1) the master-oscillator, power-
amplifier (MO-PA) circuits and (2) the self-excited oscillator circuits. In
addition an intermediate form might be called the booster-oscillator
circuit. The self-excited oscillator has the greatest number of variations
and is used in the largest number of cyclotrons. The master oscillator
has proved satisfactory for the high-power requirements of some large
cyclotrons.

The MO-PA circuit follows most closely traditional radio engineering
practice. Frequency is determined and excitation power is provided by a
low-power self-excited master oscillator. This is used to drive the power-
amplifier stage which supplies the D circuit. The MO-PA circuit has the
advantage of maintaining D voltage during gas discharge conditions, if
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properly coupled to the D circuit, and provides at all times the electric
fields to sweep out ions. However, the circuits and coupling systems
required to drive the variable-impedance load of the cyclotron efficiently
prove to be complex and subject to parasitic modes of oscillation. The
circuit will not follow changes in D-circuit frequency due to vibrations
or warping under heat, so some method of controlling frequency from the
D circuit is necessary. This can be provided by a feedback from the D
circuit to the frequency-determining master oscillator, sometimes called
a ‘“rubber crystal.” In some installations radio engineers have solved
these special problems and have developed a satisfactory power supply.

The “booster oscillator” is basically a self-excited power supply similar
to those described in the following paragraphs, but is also equipped with
a low-power, master-oscillator exciter stage for the main oscillator which
provides excitation when the self-excitation of the main oscillator is too
small. So, during blue-glow discharges when the D circuit has low
impedance, the booster provides sufficient excitation to develop enough
voltage across the D’s to sweep out the ions. Then, when the rf D poten-
tial is high enough to provide proper excitation, the main oscillator takes
over as a self-excited system and the master oscillator is no longer needed.
In one or two cyclotrons it has provided a method of controlling the blue-
glow discharge condition.

The self-excited oscillator is basically a tuned-plate, tuned-grid system,
so closely coupled to the D circuit that frequency is determined by and
excitation is taken from the high-Q resonant D circuit. In its simplest
form the tuned-plate circuit is the resonant D circuit of the cyclotron;
grid excitation is derived from this same circuit. This oscillator will
follow changes of frequency without retuning, has a minimum number of
components, and has the advantage of circuit simplicity. However,
special arrangements are required to obtain sufficient excitation to quench
blue-glow discharges; this problem has been the subject of much develop-
ment and has led to several variations in the design.

The power-oscillator tubes can be operated either with grounded
cathode, grounded grid, or grounded anode, and examples of each type
exist in cyclotron laboratories. The traditional circuit is with the
cathode grounded, using grid excitation and insulating the high dc anode
potential from the coupling loops in the D lines with capacitors. In this
circuit the grid-plate capacitance of the power tube allows possible excita-
tion of parasitic modes of oscillation.

The grounded-grid self-excited oscillator uses cathode excitation of the
power tube from a loop coupling one D circuit and feeds power from the
plate (using isolating capacitors) through another loop coupling the other
D circuit. In this circuit the grounded grid serves as an electrostatic
shield between tube cathode and anode, so the effect of interelectrode
capacitance is negligible. With power fed to one D line and grid excita-
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tion taken from the other D line, excitation occurs in the desired push-pull
mode and other modes are suppressed.

A successful grounded-grid system, reported by Backus,?® was devel-
oped for the Berkeley 60-in. cyclotron. Figure 6-21 is a schematic dia-
gram of the circuit. Transmission lines are used to transmit power from
the oscillator to the D-line coupling loop and from the other loop to the
oscillator cathode. These lines must be properly terminated to avoid
reflections and power loss, illustrated by the tuned stub lines shown in the
figure. Power tubes can be used in parallel if required to increase power
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Fig. 6-21. Grounded-grid self-excited oscillator circuit for the University of California
60-in. cyclotron. (Backus.?)

output. Cathode heating current is supplied through a choke-capacitor
filter, in order to allow rf excitation of the cathode. The anode dc voltage
supply must be insulated and filtered on both terminals, a slight additional
complication. Blue-glow discharge reduces excitation severely and pre-
vents high-voltage operation unless circuits are carefully tuned; in one
installation (Brookhaven) a booster oscillator was installed to provide
sufficient cathode excitation. In summary, it appears that in the hands
of experts this grounded-grid system can be a reliable and efficient
oscillator; but it is so large and complicated, so difficult to design and
tune, and so subject to parasitics, that it has given considerable main-
tenance trouble to less experienced operators.

The grounded-anode type of self-excited oscillator has been used in
several of the medium-size cyclotrons. It has some unique properties
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which greatly reduce the physical complexity of the system. In this
circuit the anodes of two power tubes are directly connected to loops
coupling the two D circuits, and since they are at ground potential, no
isolating capacitors are needed and the water to cool the tube anodes can
be introduced through the tubing of which the coupling loops are made.
The power tubes can be located directly above the D lines in a small,
compact cabinet. The two tubes are operated in push-pull, with grld
excitation provided by a pair of “crossed” capacitors of the variable
vacuum-capacitor type, between opposite grid and plate terminals . of
the tubes. When these capacitors are adjusted to cancel the interelec-
trode capacitance of the power tubes, the cross-connection provides
excitation only for the useful push-pull mode. Cathode heating power
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Fig. 6-22. Grounded-plate self-excited oscillator circuit of the University of Illinois
42-in. cyclotron. (Courtesy of G. F. Tape.)

comes from a low-voltage transformer insulated for the anode high volt-
age, which must be of negative polarity when used with grounded anode.
The tuned-grid circuit is a low-@ inductive coil between grid terminals
and is tuned to the resonant frequency. This symmetrical circuit sup-
presses the push-push mode of oscillation and, because of the compact
arrangement, is essentially free from parasitics and easy to shield. How-
ever, if the excitation provided by the feedback capacitors to the grids is
adjusted to optimum for high-power, high-impedance operation of the
D circuits, it will be insufficient under the low-voltage blue-glow discharge
condition. A reasonable excess grid excitation which provides sufficient
power to suppress blue glows is allowable if tubes are not being run at full
ratings. However, this limits the tube output power capability.

The grounded-anode circuit was developed at the University of Pitts-
burgh; a modification has been in service for many years at MIT. The
most complete description (in an unpublished laboratory report) is for
the oscillator of the University of Illinois 42-in. cyclotron, from which the
circuit diagram of Fig. 6-22 is taken. The power tubes used were
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“880s,” made by several manufacturers, and rated for 50-kw rf power
output. In service they are operated well below ratings; the total input
power required for this size cyclotron is about 60 kw. The most sig-
nificant advantage of this circuit is its simplicity and compactness
along with the freedom from delicate tuning requirements or precise
construction.

6-9. THE MAGNETIC FIELD

Cyclotron magnets are classically simple in their design features.
Essentially all designers have arrived at the same basic structure of two
cylindrical tapered poles, two rectangular yokes, and two rectangular
uprights. Customarily the six pieces are machined forgings or castings of
soft iron, although in a few cases (Berkeley 60-inch) the units are welded
stacks of 2-in. mild steel rolled plate. Where castings have been used,
corners are shaped to conform to magnetic flux lines and conserve weight
of iron. With machined forgings it is usually cheaper to use rectangular
blocks. In the largest magnets it has been necessary to assemble the
basic units from narrower slabs, but for small- or medium-energy cyclo-
trons each of the six pieces is a single machined block. Precise machining
of the surfaces in contact is necessary to make pole faces accurately
parallel. The required machine tolerance is about 1/50,000 of the pole
diameter and calls for the best machine practice. The structure of a few
heavy blocks with machined faces in contact is quite rigid and requires
very few bolts; alignment can be maintained by dowel pins or keys.

The design of magnets of this type is discussed in Chap. 8. However,
the properties and requirements of each type of accelerator set certain
limitations on design. We shall discuss here those features which are
pertinent to the cyclotron.

A basic decision in the design of a magnet is whether pole tips should be
cylindrical or tapered. The purpose of the taper is to keep flux density
approximately constant along the length of the pole, to compensate for
fringing flux entering the pole sides. For a designed flux density of
18 kilogauss in the gap of a 42-in. cyclotron, for example, the pole base
would have to be about 52 in. in diameter to keep flux density in the base
of the pole below the practical limit set by the permeability of the iron
(about 20 kilogauss). Without such tapering the field in the gap is con-
siderably lower, but the radial extent of the uniform field useful for
acceleration is larger. In fact, particle energy is determined by the BR
value at this maximum useful radius, which is largest for cylindrical poles.
However, this advantage is offset by other considerations. With tapered
poles the D’s will be smaller and require less rf power for excitation.
Other factors enter, such as the problem of deflecting an emergent beam
through the fringing field. Within these several factors lies a wide region
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for designer’s choice, so we find cyclotrons with and without tapering and
with all degrees of sophistication in magnet design.

The length of magnetic gap inside the chamber is also a designer’s
choice, depending on the evaluation of several other design problems.
Internal dimensions of the D’s are chosen on the basis of the anticipated
amplitude of ion oscillations, the physical size of the ion source, and the
importance of high intensities. The D’s are often tapered to a narrower
width at the periphery to conform to the ion beam envelope; this decreases
capacitance to the chamber lids and reduces rf power requirements. The
structural rigidity of the D’s must also be considered in choosing their
thickness. Once D dimensions are chosen, the clearance between D’s
and chamber surfaces can be considered. This clearance depends on
the designed maximum energy and the corresponding maximum D volt-
age, and to a smaller extent on the smoothness of surfaces. Water-cooled
copper plates are used as chamber liners by some designers, and these
occupy space in the pole gap. This space was saved in the MIT chamber
by copper-plating the surfaces of the iron pole faces; no serious heating
due to rf currents was observed. Naturally, the longer the magnet gap
the larger is the power required for excitation, varying approximately
with the square of gap length. Furthermore, a wider gap reduces the
maximum useful radius for acceleration due to fringing field penetration
and so reduces maximum energy. Experience in evaluating these prob-
lems has led to the use of 5- to 6-in. gaps for 42-in. poles and 8- to 9-in.
gaps for 60-in. poles for most cyclotrons in which maximum energy was
the primary consideration. Wider gaps have been used when high
intensity was considered more important.

Another engineering decision is the balance between magnet power and
magnet cost. Excitation coils can be made with a large cross section of
conductor, so the power for excitation is small. However, the larger
physical dimensions and weights of both coil and iron yoke increase
initial construction cost. A rough balance is frequently made by mini-
mizing total cost of construction plus cost of power for 10 years.

The power source commonly used for excitation is a de generator driven
by an ac three-phase motor, usually with a smaller de generator on the
same shaft to supply the excitation current for the main generator. The
magnet field must be accurately regulated to maintain a steady beam and
be subject to delicate adjustment by the operator. A constant-current
regulator is needed, capable of reducing fluctuations to better than
1/1000. A typical current-regulating circuit takes an input signal from
the potential drop across a standard temperature-controlled resistor in
series with the magnet coils and compares it against a standard potential
obtained from a constant-potential battery. The difference voltage is
amplified electronically and used to provide excitation for the exciter
generator. A feedback control circuit maintains constant magnet cur-
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rent automatically. Controls are also provided for adjusting the magni-
tude of the regulated current manually and are used in tuning for peak
beam current. In some laboratories a further control circuit senses the
beam current and automatically tunes the magnet current to maintain
peak beam intensity. Techniques for magnet control vary widely, and
several systems have been developed which will maintain a steady cyclo-
tron beam for hours.

One of the more serious problems in tuning up a cyclotron is the shaping
of the magnetic field to preserve resonance and maintain beam intensity.
The shimming of a cyclotron has been a mysterious blockade to efficient
operation in many laboratories and has required many weeks of cut-and-
try experimenting in almost every machine built to date. In the early
days, practitioners of the art of shimming devised many empirical tech-
niques for bringing in a beam, but individual differences between cyclo-
trons usually made these formulas unsuccessful on other machines. How-
ever, with accumulated experience and with the modern techniques of
field measurement, it is now possible to anticipate the proper magnetic-
field shape for a cyclotron and to design the optimum shimming.

Although all cyclotron magnets are designed to give an ideally perfect
uniform field, they all require special pole-face machining or shimming to
develop the necessary radial decrease, and they all show imperfections
and inhomogeneities which require correction. The magnetic inhomoge-
neities which must be measured and corrected can be identified separately
as:

Radial decrease required for focusing

Radial decrease at the periphery due to fringing
Azimuthal variations of field, at all radii

Deviations of the magnetic median plane

Local variations due to machining errors, blowholes, etc.

Ll R
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The optimum radial decrease in field was described in Sec. 6-3 as one
which decreased almost linearly from the center out to the region where
peripheral fringing sets in, with a magnitude of decrease out to this point
of about 2 per cent of the central field. Although this field shape can be
achieved by machining of the surfaces of the pole faces, it is usually
obtained by inserting a flat pyramidal stack of thin iron shims in shim-
ming gaps outside the pole-face plates. Figure 6-8 shows the field shape
in the MIT cyclotron obtained by the use of such stacks in the two
shimming gaps, each consisting of four disks of 0.020-in. soft iron sheet of
6, 14, 18, and 22 in. diam. The instrument used to measure this radial
decrease consisted of a small search coil and an integrating electronic
fluxmeter (see Chap. 8). The coil was slid smoothly on a radial arm out
from the center, in several azimuthal locations, to observe the radial
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decrease. A series of measurements with different sets of shims led to
the final choice.

Peripheral fringing causes the field to drop sharply at large radii, faster
than 1s desirable for focusing. Rings of soft iron fastened to the extreme
edge of the poles will limit this sharp drop and extend the region of slow
decrease to larger radii. They are limited in physical size because they
reduce clearance to the D stems where the stems go out of the chamber.
At MIT the optimum ring section was 34 by 14 in.; the measured shape
of field with and without this shim is shown in Fig. 6-8. Shims which are
too large produce a minimum in the radial field plot which would cause
defocusing. Also, a set of shims which are correct at high fields will be
too strong and produce a defocusing minimum in the plot at lower fields,
so the use of ring shims restricts the flexibility of varying the output
energy of a cyclotron.

The modern technique for adjusting the radial decrease in magnetic
field is to use corrective windings or shimming coils in place of the edge
ring shims and the stacks of thin iron shims. These are flat-wound coils
of many concentric turns with individual leads brought out radially from
the inner turns. They can be located in the shimming gaps outside the
pole-face cover plates or inside the vacuum chamber on the inner surface
of the pole faces, where they must be covered with copper-plate liners for
the rf eircuit. Currents can be adjusted individually in the concentric
turns to provide any desired radial decrease in field. For most of the
central area of the pole face the excitation required is less than 1 per cent
that of the main excitation coils of the magnet, so small currents can pro-
vide the desired radial decrease for focusing. Near the edge the currents
must be considerably greater to offset the fringing fields. Although the
technical problems are severe, especially those associated with the
mechanical clamping structures, control of heating, and the many seals
for bringing electric leads out of the vacuum chamber, the advantages of
such an electric shimming system are obvious. One of the more impor-
tant advantages is that the electrical corrections can be varied to provide
optimum shimming at any magnetic field, allowing the cyclotron to be
developed into a variable-energy machine.

Azimuthal variations of field can cause serious perturbations of the
particle orbits, primarily through inducing radial oscillations. The
figure of merit used to describe azimuthal uniformity is the maximum
per cent variation around a circle of constant radius, and the most critical
region is near the exit-slit location. Experience, again, is the only guide
to the necessary uniformity. Most operators agree that a variation of
less than 0.1 to 0.2 per cent is desirable in large cyclotrons.

Instruments for measuring azimuthal variation are described in Chap.
8. The same type of search coil with integrating electronic fluxmeter
can be used as for the radial measurements, with the coil mounted on a
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radial arm which is pivoted at the center and can be swung around a full
circle. Before corrections, measurements of the MIT magnet showed
variations as large as 2 per cent of the average field. These were due to
inhomogeneities in the iron of the cast poles and to the asymmetric shape
of the yokes. After careful correction by use of sector-shaped and
wedge-shaped shims, the errors were reduced to less than 0.1 per cent for
all radii out to the exit slit.

The magnetic median plane may deviate from the geometric median
plane; the ion beam will follow the magnetic plane. A special search coil
can be used to observe the median plane in the radially decreasing field,
using two opposed identical coils equally spaced about the center and
with the axis precisely aligned normal to the pole surfaces. At MIT the
uncorrected field showed a median plane displaced 14 in. below the
central plane on which targets were located. This was adequately cor-
rected by reducing excitation in the upper magnet windings relative to
the lower ones, after which the beam emerged on the geometric median
plane.

Still other inhomogeneities can be observed in a thorough program of
magnetic-field measurements. A local weak spot in the field (0.5 per
cent low) was observed in the MIT magnet which was presumed to be
due to a blowhole in the pole casting; it was corrected by a local spot
shim.

The techniques described above make it possible to design a cyclotron
field which will be satisfactory without relying on the cut-and-try empir-
ical shimming of early days. The experience at MIT is typical. After
several years of empirical shimming, with continual difficulties in main-
taining high-intensity operation, a careful program of measurement and
correction was carried out as indicated in the illustrations above. When
this program was completed, the cyclotron was reassembled and on the
first operation gave the highest beam intensities ever obtained, with no
further empirical shimming.

6-10. VACUUM PUMPS AND SEALS

The large-volume vacuum chambers resulting from the coaxial D-line
design and the high rate of gas evolution in discharges require high-speed
pumps. A good rule of thumb is to provide a pumping speed of at least
1 liter/sec at 10~ mm Hg per liter of volume. Oil-diffusion pumps of
large diameter which have two or three pumping stages and automatic
fractionation of the oil are best suited to this purpose. The pumps must
be equipped with adequate baffles to prevent back streaming of the oil
vapor, so there is minimum deposition of oil within the vacuum chamber.
The mechanical pumps must have sufficient displacement to pump down
the chamber volume from atmospheric to the backing-pressure limit of
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the diffusion pumps in a relatively short time; 15 to 20 min is considered
a good design figure. They must also maintain backing pressure under
the high gas-evolution conditions of discharge, so the chamber will
recover quickly from the bursts of gas pressure produced.

The techniques for evacuating large metal chambers have undergone
steady improvement, speeded in recent years by the developments for
the large synchroaccelerators. Most of these techniques originated in
cyclotron laboratories and have been enlarged and extended for applica-
tion to the larger machines. Concepts are radically different from those
used for high-vacuum glass systems, in which surfaces are outgassed by
heating under vacuum and vapors are condensed in refrigerated traps.
Outgassing of the large metal surfaces in a cyclotron is impractical, and
vapor evolution is small compared with gas flow, so refrigeration is less
important with cyclotrons. Reliance is placed in such high pumping
speeds that evolved gas and vapors are evacuated as rapidly as they are
formed.

The MIT cyclotron vacuum-pumping system is typical and illustrates
the techniques, although it does not contain all the features used in other
installations. Two oil-diffusion pumps are used, bolted to 15-in. aper-
tures on the bottom of the two D lines. Figure 6-23 is a diagram of the
12-in., three-stage, fractionating oil-diffusion pump. Various oils have
been used successfully. A silicone-base oil has been most satisfactory
and has given the longest service. The water-cooled baffle at the top of
the pump is designed to intercept back-streaming oil vapor, yet to give
maximum transmission for gas diffusing in the forward direction. It con-
sists of a conical spiral of narrow, overlapping half-rings of thin copper
with water-cooling tubing soldered along one edge of the rings. No
refrigerant other than this water-cooled baffle is used.

The heating units at the base of the pump are formed of three 1-kw
Calrod elements, cast into an aluminum block. Power can be adjusted
separately on the three units to give maximum pumping speed. In
operation the total power requirement for each pump is 1.8 kw.

In test runs with a calibrated air leak, the diffusion pumps developed a
speed through the baffle of 1200 liters/sec each at 10-®* mm Hg. The
total effective pumping speed for the two pumps of 2400 liters/sec is ade-
quate for the 2000-liter volume. With no gas flow, chamber pressures of
better than 1 X 10~® mm Hg are obtained. With the deuterium gas
flow from the ion source, the operating pressure is about 2 X 10~ mm Hg,
and pumping speed is materially increased by substitution of deuterium
for air.

In the MIT installation no high-vacuum valves are used between D
lines and pumps. Diffusion pumps are allowed to cool for a half-hour
before admitting air. Valves were considered unnecessary in view of the
infrequent need for opening the chamber to atmospheric pressure.
Valves are commonly employed, however, in other installations.
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Two mechanical pumps are connected to the low-pressure manifolds of
the diffusion pumps, cross-connected so they can be operated in parallel
for pump-down; a single pump can be used for normal operation. These
pumps are two-stage units with a displacement of 7 liters/sec. The pair
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Fig. 6-23. Fractionating oil-diffusion pump of 12 in. diam developed for the MIT
cyclotron. Two pumps are used.

will pump down the 2000-liter-volume chamber to the backing-pressure
limit of the diffusion pumps in 20 min, about the time needed for the
diffusion-pump heaters to rise to operating temperature.

The design and technique of vacuum seals have made steady progress
through years of development. Simple, reliable seals are available for
most of the special types of joints needed in an all-metal vacuum system.
A basic design for a seal between parallel surfaces or flanges consists of a
groove machined in one surface to hold a strip gasket in position, with
suitable bolts between flanges to compress the gasket. The gasket may
be a rectangular strip of rubber, taper-lapped at the joint and about
50 per cent thicker than the depth of the groove to allow for compression,
or it may be an endless rubber ring of square cross section cut from a
sheet, or it may be a continuous band of round cross section. This latter
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form is available commercially in a variety of sizes and materials and is
known as an O-Ring. A double-gasket seal is frequently used with a
pump-out connection to the space between gaskets. This arrangerent
makes it possible to test the seal for vacuum-tightness quickly and with
certainty or to provide a pump-out port in case of a leak. Small grooves
and gaskets can be used for small apertures where bolt pressure is srnall.
On the other hand, 14-in. gaskets have proved adequate for even the
largest seals, if surfaces are machined and bolt pressure is uniform.
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Fig. 6-24. Gasket vacuum seals for several purposes: (a) D-stem flexible joint and
D-line ring-gasket seal; (b) detail of ring-gasket seal; (c) chamber lid seal using
O-Ring and packing gland; (d) shaft seal allowing lateral and rotary motion.

Conductivity for rf currents through such a seal can be assured by half-
covering the gasket with a thin copper-foil strip. Conversely, it can be
adapted as an insulator with thick gaskets and fiber insulation around the
bolts. For semipermanent seals soft fuse-wire or aluminum-wire gaskets
have been successfully used.

Many movable joints are required for adjustments of the cyclotron
D’s, ion source, deflector, trimmer capacitors, ete.  Figure 6-24 illustrates
several of the seals developed for special purposes: a flexible diaphragm
seal used for the adjusting motions of the large D stem (Fig. 6-24a); a
square gasket in a groove for cover-plate seals (Fig. 6-24b) ; a typical pack-
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ing-gland seal used for the chamber lids (Fig. 6-24¢) ; and a seal which uti-
lizes atmospheric pressure and the elasticity of rubber to make a movable
vacuumtight joint which allows in-out and rotary motion of a shaft
(Fig. 6-24d). Similar results can be obtained with O-Ring seals available
commercially.

Several grades of rubber and of synthetics are available as gasket
material. Low vapor pressure is the primary requirement; physical
strength and resilience come next. Most natural or artificial rubbers
have unacceptable vapor pressures and also deteriorate when used with
lubricating greases. Neoprene is free of these faults and is widely used
in cyclotrons. Myvaseal has even lower vapor pressures.

With the steady growth of a commercial vacuum industry, it is now
possible to buy all the essential parts of the vacuum pumping system,
including pumps, baffles, valves, and gauges. This eliminates much of
the design and development effort which went into the vacuum systems
of early cyclotrons.

6-11. TARGET ARRANGEMENTS

Targets for the cyclotron are of many types, depending on the needs of
the particular experiment. For some purposes probe targets are used to
intercept the resonant beam; these are mounted on stems with sliding
vacuum seals at the chamber wall. In this location the targets are
bombarded by the full intensity of the resonant beam, which may be
from 0.5 to 1.0 ma at energies between 10 and 20 Mev, giving a beam
power between 5 and 20 kw. Because of the small axial width of the
beam in the fringing field and the small radial spread which is desirable
when operating with an emergent beam, the cross section of the beam
may be less than 1 cm?2. Experience has shown that it is almost impos-
sible to cool targets with such high power densities. Any target would
be destroyed by melting except those formed of metals of very high
thermal conductivity and high melting point. A variety of techniques
have been used to reduce power density by increasing surface area of the
target.

An oscillating probe target developed at MIT was able to dissipate up
to 10 kw of beam energy for certain target materials. The target was
formed of flattened copper tubing, in which the water-flow channel was
about 0.020 in. thick and 0.5 in. wide; water pressures of 40 psi resulted
in flows of about 1 gpm. The face of the target was also tilted relative to
the direction of the beam to increase surface area. This unit was
arranged with a flexible vacuum seal at the chamber wall so that it could
be oscillated transversely at 10 to 20 oscillations per second by external
motor drive, moving the face of the target across the beam and extending
the effective surface area to 1 in. length by 14 in. width. Thin plates of
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beryllium and other metallic targets were silver-soldered to the face of
this target for bombardment.

Still other techniques have been developed to utilize the resonant beam,
such as deliberate detuning of the cyclotron to expand the transverse
dimensions of the beam and decrease beam power density. However, in
most high-intensity cyclotrons the beam intensity must be reduced below
the available maximum because of this limitation on target cooling, and
only the most refractory of target materials can be bombarded success-
fully. Nevertheless, probe targets are still used for special experiments
in which the high current density is advantageous. When suitable target
materials are available, the high beam density results in a high specific
intensity of induced radioactivity and minimizes the inactive residue.
With a Be target the concentration of fast neutrons beyond the target
exceeds the neutron density in nuclear reactors by several orders of mag-
nitude, so fast-neutron-induced activities can be produced efficiently in
small target samples behind the Be target. The largest total yields of
neutrons from a cyclotron are usually obtained with a water-cooled Be
probe target in the resonant beam, through the Be(d,n) reaction; so probe
targets are used whenever the cyclotron is used as a neutron source. The
yield of neutrons from this reaction is about 1 neutron per 200 deuterons
at 15 Mev energy.

Targets for the emergent beam of deflected particles are located in a
target box at the chamber wall where the beam emerges. This box can
be separated from the cyclotron vacuum by a thin-foil window to allow
rapid interchange of targets and to allow bombardment in a gaseous
atmosphere if desired. For many target materials such a gaseous
atmosphere (usually He) is essential for surface cooling and to limit
evaporation and sputtering. With high-intensity emergent beams the
thin-foil window is a limit to beam intensity; double-foil windows have
been developed with gas cooling (He gas) of the foil surfaces by a gas jet
introduced between the two foils. Occasionally, thin targets are used in
the target box to limit bombardment energy to a narrow range, so the
beam channel extends beyond the target box to a well-shielded ‘‘catcher”
target at a distance. For the production of induced radioactivities in
target materials which cannot readily be obtained in thin plate or foil
form, a more extended target can be used which is tilted to present a large
surface area to the beam; powder targets have been used in the emergent
beam with this technique. Thin targets of special materials can be sup-
ported in polyethylene films.3°

The radiation hazard to personnel from induced radioactivity in targets
is a serious problem. Quick-acting valves and gates are essential to keep
handling time a minimum; protective gloves and shields and long-
handled tongs are important. A fully automatic target-handling mech-
anism would reduce the danger, but few practical systems have been
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devised and no system will eliminate all exposure for the maintenance
staff. Cyclotron laboratories should adopt the best handling techniques
from those developed for reactors.

Research studies of the primary processes of disintegration or scattering
do not require high beam intensity but do require good energy resolution
and low background radiation intensities. Many cyclotrons are now used
primarily for the production of such low-intensity, well-focused emergent
beams. These beams are brought out of the cyclotron vault through a
narrow channel in the shielding wall into an external observation room in
which the experimental apparatus is located, in some installations at
distances of 20 to 40 ft from the cyclotron. A few such installations have
been described in publications.?:3? Usually a carefully designed set of
focusing magnets is located near the cyclotron, and an analyzing magnet
is used to select a narrow momentum band from the emergent beam. A
typical result would be a 1-ua beam on a target of 1 cm? area at a distance
of 20 ft, with an energy resolution of +0.5 per cent.

6-12. MAXIMUM ENERGY AND OPTIMUM SIZE

The relativistic increase in mass of the ions at high energies would need
a magnetic field increasing radially outward to maintain resonance. This
is forbidden by focusing requirements; in fact, a field which decreases
with radius is essential. This conflict between the requirements for
focusing and for ion resonance results in a theoretical and practical upper
limit to the energy obtainable with a fixed-frequency cyclotron.

To evaluate this limit the resonance relation of Eq. (6-2) must be modi-
fied to the relativistic expression developed in Sec. 5-10, which expresses
the mass in terms of particle rest energy W, and kinetic energy T using
the relation mec® = Wo + T':

c%eB

fi= S (Wo + T (6-20)

Both decreasing magnetic field and increasing kinetic energy cause the
resonant-ion frequency to decrease. The frequency of the electric field
applied to the D’s is fixed and has a magnitude intermediate between the
initial and final values of ion frequency. As discussed in Sec. 6-4, this
situation produces a phase shift, first toward a phase wto = —#/2 and
then back toward or beyond wt, = 0, with a total phase migration of
about = radians. The applied rf voltage on the D’s must be large enough
that the number of accelerations is sufficiently small for the total phase
migration to be within the above limit. Otherwise the ions move into a
decelerating phase and go out of resonance.

Although this energy limit was recognized at an early date in cyeclotron
development, it was first analyzed in a publication by Bethe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>