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I. INTRODUCTION AND SUMMARY

During the first decade after Lawrence's introduction of the
cyclotron, this nuclear research instrument underwent rapid develop-
ment to the stage best represented by the classic 60-inch cyclotron.
This latter design has been adapted over the years to the needs of
many research institutions throughout the world. In the drive toward
ever higher energies, attention was for a time centered on the develop-
ment of frequency-modulated cyclotrons and, more recently, on proton
synchrotrons. For precision work in the region of lower energies the
Van de Graaff machine has been developed to a high state of perfection.

Most recently there has been an increasing interest in more precise
work in the intermediate energy field. Attention has been focused on
the improvement of the fixed-frequency cyclotron. Efforts have been
directed especially toward overcoming the limitations of energy imposed
by the relativity effect, on providing greater flexibility both in the choice
of energy and the choice of the particle to be accelerated, on improving
the energy definition, and on increasing the beam current and stability.

A number of novel accelerator teatures have been developed, and
in some cases applied individually to cyclotrons, to increase their
level of performance, their reliability, and their versatility. Many of
these new features have been incorporated in the Oak Ridge Relativistic
Isochronous Cyclotron (ORIC) to provide the greatly enlarged research
potential which now appears practical for a fixed-frequency cyclotron
in the intermediate energy field, Among these novel features are:

(1) the use of an azimuthally varying magnetic field (AVF) to provide
axial focusing, (2) the use of an average magnetic field increasing with
radius in a manner to keep the accelerated particle approximately
synchronous, thus to minimize the threshold voltage required, (3) the
use of an oscillator adjustable through an extended range, 3:1, of fixed
frequencies, (4) the use of harmonic acceleration to provide additional
bands of frequencies, (5) the use of auxiliary coils of various types to

control the magnetic field configurations within a wide range of average
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field strengths, (6) the use of defining grids near the center to eliminate
components of the beam with radial oscillations of large amplitude,
and (7) the use of r-f amplitude control to reduce the energy spread in
the beam.

The purpose of this brochure is to describe the ORIC and to review
recent studies which have led to the choice of certain design features.

A cyclotron can be described in terms of its performance, or in
terms of its design characteristics; in the following two tables infor-

mation is provided in each category.

Design Performance

The ORIC is a variable-energy, azimuthally-varying-field, 76-inch,
fixed-frequency cyclotron designed to accelerate various particles with
e/m ratios from 1 to 0,125 over a wide range of energies, up to
145 Mev. The machine is designed to accomodate large ion currents,
with a total beam power up to 75 kw (one milliampere of protons at
75 Mev). The conditions associated with the acceleration of various
particles to their maximum respective energies are tabulated below

and presented graphically in Figs. 1 and 2.

Energy Central
Max Per Orbital Magnetic
Charge Energy Nucleon Frequency Field
State (Mev) (Mev) (Mc/sec) (kilogauss)
Proton +1 75 75 22.5 14.8
Deuteron +1 39 19.5 12.3 14.5
Helium 3 +2 100 34 15 14.7
Alpha +2 78 19.5 12.3 14,5
Carbon!? +4 115 9.5 8.6 17
Nitrogen'* +4 100 7.3 7.5 17
Oxygen16 +4 88 5.7 6.5 17
Neon?? +5 108 5.7 6.5 17
Argon40 +7 103 2.8 4.6 17
Krypton®? +12 145 1.8 3.7 17
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Fig. 1. Accelerated Particles and Energies Available in the Oak Ridge Relativistic Isochronous Cyclotron.
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Design Characteristics

The most conspicuous features of the ORIC are shown in a photo-
graph of the model, Fig. 3. The three-sector magnet pole, with
slight spiral, is shown at the left. One concept for the wide-range,
variable, radio-frequency system is at the right. The more important

design characteristics may be summarized as follows:

Magnet Data

Magnet field configuration 3 sector
Magnet core dia 76 in.
Magnet pole tip dia 76 in.
Beam radius, average max 31.5 in.
Magnet gap, hill 7.5 in,
valley 28.5 in.
Central magnetic field, max ave 17 kgauss
Magnet field rise with radius (max) 8%
Magnet excitation 1.23x1 06 amp-turns
Magnet weight 208 tons
Magnet cooling water
R-F System
Dee diameter 71 in,
Dee aperture 1.87 in,
Dee-to-dee gap 2 in,
Oscillator tube RCA 6949
Oscillator input power 650 kw max
Oscillator output power 500 kw max
Frequency 22.5 to 7.5 Mc/sec
As 3rd and 5th harmonics 7.5tol,5 Mc/sec
Miscellaneous
Beam extraction type Regenerative
Ion source Hot cathode
Shielding 7 ft ordinary concrete

Beam Power

Protons 75 kw
(1 ma protons at 75 Mev
other ions comparable)
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In subsequent sections of this report, the work on the prelimi-
nary design of the magnetic field and of the radio-frequency system
is described. Some work on a study of the stability regions of the
machine is included,as is a preliminary study of beam deflection.
The report also includes background material on the genesis of the
ORIC design, on the intended research applications, and on other

design features.




II. CYCLOTRON DEVELOPMENT

The Oak Ridge Relativistic Isochronous Cyclotron is an outgrowth
of the successful research programs with two unusual cyclotrons
built at Oak Ridge, the ORNL 86-Inch and the ORNL 63-Inch cyclotrons.
In subsequent paragraphs the origin, characteristics, and accomplish-
ments of these two ORNL cyclotrons are reviewed.
Construction of a new cyclotron was proposed by the Laboratory
to free the heavy-particle experimental program from the handicaps of
the physical environment of the 63-inch cyclotron and, by increasing the
particle energy, to open up the upper two-thirds of the periodical table
as possible experimental territory. In 1955 the Laboratory proposed
that a replacement cyclotron, designated the 48-inch, be constructed
to permit heavy-ion physics to continue under improved (but still .
limited) circumstances in an adjunct to Building 9201-2 at Y-12. In
1957 the Commission approved this project to the amount of $459, 000.
Meanwhile advances in technology were being made at a remarkable
rate. Studies of properties of ion orbits (for high-energy particles) have
shown the superior performance possible with alternating strong and
weak sections in the magnetic field. Accelerating protons to 75 Mev in
a fixed-frequency cyclotron, previously impossible, thus becomes
straightforward. New systems for varying the radio frequency offer
the possibility for continuous variation of the energy. New ideas for
control of radial oscillations and r-f amplitude indicate beams of much
finer detinition are possible.
In the face of these technological developments it was decided that
a truly modern and versatile cyclotron should be sought. The concept

of the ORIC was advanced as a replacement for both the 86-inch and

the 63-inch cyclotrons and as an alternate to the 48-inch.




A. The ORNL 86-Inch Cyclotron

L]

The 86-inch cyclotron produced its first proton beam on
November 11, 1950 after a construction period lasting only a little
more than a year. This machine, which provides both internal and
external 23-Mev proton beams, has been an extremely effective tool
both for basic nuclear physics research and for applied uses such as
isotope production and neutron production for biological research.

The versatility of the machine was greatly enhanced in 1956 by the
additon of a deflector system and beam room facilities.

The 86-inch cyclotron is at present the‘ best machine in the world
for isotope production. Production rates for most isotopes are orders
of magnitude greater than were obtained in other machines previous to

- 1950. At least one igsotope of medical importance, As74, is being
produced on a semiroutine basis.

The machine incorporates several innovations in cyclotron design.
The median plane is vertical rather than horizontal; the magnet yoke
is U-shaped with the top open to permit the easy transfer of large
cyclotron componenté with an overhead crane. The high dee-to-dee
potential needed to accelerate protons to an energy of over 20 Mev is
provided by a self-excited, grounded-~grid, single-tube oscillator.

Ion loading, which often impedes oscillation in self-excited oscillator
systems, is eliminated by maintaining the whole dee structure at a
negative potential of one kilovolt.

The deflector is unique in several ways: electrostatic deflection
is produced wholly by the r-f dee potential --no d-c potential is used.
The septum, or beam-splitter, is a grid of water-cooled aluminum
tubes and is mounted in a fixed position on the dees; the beam is
positioned by introducing a controlled first harmonic in the magnetic
field. (The same result is obtained in conventional machines by a
complicated mechanical arrangement which moves the septum. )

The beam passes from the electrostatic deflector through a magnetic

channel which sharply reduces the magnetic field and permits the
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beam to cross the fringing magnetic field easily. Focusing of the
deflected beam is accomplished by a set of 2-in. aperture quadrupole
magnets. For nuclear physics experiments the beam is piped a
distance of 40 ft to a reaction room.

At present the 86-inch cyclotron is operated 16 hours a day, five

days a week. A brief list of the characteristics of the machine

follows.

Diameter of pole piece (in.) 86

Proton energy (Mev) 23

Proton current
Routine internal beam (pa) 2000-3000
Maximum internal beam (pa) 4000
Deflected and focused (0.6 in. 2)(ua) 80

Dee-to-dee potential (kv) 300 to 500

Magnetic field (gauss) 8790

Resonance frequency (Mc/sec) 13.4

Published research papers describing the work done by the

86-inch cyclotron group are listed in Appendix I.
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B. The ORNL 63-Inch Cyclotron

The 63-inch cyclotron was the first such machine expressly
designed to accelerate heavy ions, i.e. » ions with masses greater
than helium. The use of obsolete electromagnetic plant equipment
made this cyclotron probably the cheapest machine of its size built; the
total construction cost was $150,000. It was originally built as a test
machine to determine the feasibility of accelerating heavy ions and to
explore in a preliminary way the possibilities for nuclear research. The
heavy-particle nuclear physics field is now well established; heavy ions
are now being accelerated by seven machines in the world, and at least
four other accelerators are in various stages of development or construction.

The 63-inch cyclotron was built largely of existing components
formerly used in the electromagnetic separation of uranium isotopes.

An existing magnetic gap was reduced to six-inch clearance and
shimmed to operate at a field of 15, 000 gauss. An ion source was
developed which produces copious quantities of N3+ and N4+ ions. Anew
dee system and oscillator were designed and built to operate at the
prescribed frequency of 5 Mc/sec. Existing power supplies were
modified to provide high voltage for the oscillator tube and the deflector.
The time schedule was approximately as follows: The idea was con-
ceived in October, 1950. By January, 1951, a working ion source was
developed, and construction of the machine was authorized in April,
1951. An internal beam was obtained in May, 1952. Experiments

were carried out with the internal beam until the spring of 1953. Then,
the magnetic field was reshimmed and a beam deflector system was
installed. A satisfactory deflected beam was obtained in November,
1953, and has been used for atomic and nuclear physics experiments
ever since.

At present the cyclotron operates twelve hours a day, five days a
week. The circulating beam of N3+ ions is about 100 pa; the deflected
beam is about 2 pa at an energy ot about 28 Mev.

Published papers describing the physics research done in connection

with the 63-inch heavy-particle cyclotron are listed in Appendix II.
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C. The Azimuthally-Varying-Field (AVF) Cyclotron Concept

The basic dilemma of the cyclotron mechanism lies in the contra-
dictory demands which the focusing and resonance requirements place
on the typical circularly symmetric magnetic field of the cyclotron.

In 1938, L. H. Thomas pointed out a solution to this dilemma based on
the introduction of azimuthal variations into the magnetic field in a
fashion so as to provide both focusing and synchronous acceleration.
The technology of this type of machine was explored in theoretical and
model studies at the University of California and at ORNL in the years
1950-52 on a '"classified" basis. The principles involved were inde-
pendently rediscovered in "unclassified" work by the MURA group; this
group also called attention to the important effect of spiral, and they
applied these principles to their concept of a spiral-ridge synchrotron.
The generalization to cyclotrons was straightforward from their work,
and detailed design studies for conversion of existing cyclotrons to
AVYF were also undertaken at the University of Illinois and at AERE,
Harwell.

Various studies have conclusively established the feasibility of the
azimuthally-varying-field, fixed-frequency cyclotron as an instru-
ment for obtaining relativistic particles. At the same time, new and
powerful methods have been worked out for straightforwardly ob-
taining the complex magnetic field shapes required. These methods,
in conjunction with presently available techniques for the use of pole-
face windings as current shims, now make it possible to design a
magnet which will give the proper field shape over a considerable
range of field strengths, thereby allowing the acceleration of various
ions to a wide range of energies.

Active interest in the construction of an azimuthally-varying-
field cyclotron was renewed at the Oak Ridge National Laboratory in
late 1954, and an extensive theoretical study of the properties of
machines of this type was begun. Analytical studies of these devices

lead rather quickly to severe difficulties, and so, at an early stage,
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numerical integration procedures were devised and coded for the
digital computer so that orbit behavior in complex fields could be
studied in precise detail. These integration routines and their sub-
sequent refinements have since been the major tool in both theoretical
explorations and detailed design of devices. It can, indeed, be said
with considerable emphasis that the rather remarkable progress
achieved in the development of the AVF cyclotron in the past half
decade is due in large measure to the coming of age of the digital
computer.

Theoretical studies have included studies of the findamental
acceleration process, the focusing properties of the fields, the effects
of nonlinearities and resonance difficulties, the effects of factors which
determine beam quality, and details of deflection systems appropriate
for such devices. ‘

In addition to these theoretical studies, an operating relativistic
AVEF cyclotron has been constructed for the purpose of experimentally
verifying the various computational results. This device, known as the
Cyclotron Analogue I, accelerates electrons to a velocity of 0.7 ¢
(in units of velocity of light) and to a radial focusing frequency of 2
(in units of the orbital frequency). The magnetic field in the Analogue
is of a four-sector radial configuration; the field is obtained from a
pPrecisely fabricated set of air-cored coils, the detailed performance of
which was completely and accurately precalculated. In operation, the
Analogue has strikingly verified the design calculations, particularly
those on the crucial question of resonance behavior, and thus demon-
strates the complete feasibility, from an orbit dynamics standpoint,
of the AVF cyclotron.

A second analogue having a spiral magnetic field configuration is
presently under construction for studying in more detail the perform-

ance of a proposed 850-Mev f-f cyclotron.
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D. Variable Frequency Cyclotrons

Because of the relationship between the maximum energy, the
magnetic field strength, and the frequency of rotation of the particle
being accelerated, any variation of energy means that the accelerating
system of the cyclotron must tune over some range of frequencies.

The high dee voltage required in cyclotrons can be achieved for practical
driving power only by using a high-Q resonant circuit; high Q) means
that the energy storage is large relative to the power loss per cycle.

The frequencies at which cyclotrons operate make possible the use
of transmission line elements as components of the circuit. Thus, the
resonant system, the dees and their stems, are a 2\ /4 resonant
circuit foreshortened by the dee capacity. To tune such a system,
three variables are available: -

(1) C, the dee capacity
(2) 1, the length of the dee stems
(3) Z,, the characteristic impedance of the dee stems.

On most cyclotrons, the dee capacitance can be changed but a small
amount and is used only for fine tuning of the accelerating frequency.
The resonant frequency varies nearly inversely with the square root of
the capacity. Therefore, a change in the frequency of 2:1 would require
a maximum to minimum capacity ratio of 4. The large capacity of the
dees is nearly fixed, however, by the area of the dee surfaces parallel
to the magnet pole face. Normally it is the capacity along the edge of
the dee which can be varied, and this quantity is relatively small. The
spacing between the dees and the dee liner next to the magnet poles
is set to the minimum required for voltage breakdown between the
dees and liner. The designers ot the 90-Inch Cyclotron at Livermore(l)
made use of the fact that the threshold voltage varied with the energy
of the particle such that the highest voltage is required at the highest

1) ycrL-2620 )
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frequency. Therefore, they have designed a movable liner which
allows the voltage to be greater than threshold at each frequency, but
which allows tuning over the range from 4 to 6.2 or 6.2 to 9, 5 Mc/s;
the two ranges correspond to two shorting-bar positions.

The second method, variation of the length of the dee stems by
moving the shorting bar along the stems, allows a wide variation of
frequency. It also requires long stems and movement at the Jjoint
through which the current is highest in the machine. The cyclotrons at
Rochester(l) and Los Alamos, and the planned machine at Illinois, all
use this method. The 90-inch cyclotron uses only two fixed positions of
the shorting bar, as mentioned above. The connection to the shorting
bar requires great pressure obtained by means of bolts. This leads to
long time intervals required to reset the frequency. The connection can
also be remotely-controlled with hydraulic pistions, a much faster
method. It should be pointed out that the 90-inch cyclotrons is the largest
of the variable-energy machines. It is the only one using high r-f power,
such as will be required in the QRIC.

The dee stems must present an inductive reactance equal to the dee
capacitive reactance for resonance. In addition to, or instead of, tuning
this inductive reactance by varying the length of the dee stems, the
characteristic impedance of the stems may be varied. The properties
of lines with non-uniform characteristics impedance has been studied
by Donaldson. 2 Cyclotron tuning schemes using this method, or some
modification, have been considered at Colorado, Berkeley, and UCLA.
A '"barn door'' method considered at Colorado involved movement of
the dee-stem liner surface; because of quite low Q at low frequecies
the system was abandoned. A variation which consists of making the
stem and lines like long enmeshed capacitor plates has been considered
at UCLA and Berkeley. Since the surface area of the lines can be large

this system shows promise for a low-loss, wide-range tuning scheme.

NYO-7816

2. M. R. Donaldson, An Investigation of Resonant Properties of Short
Exponentially and Linearly Tapered Lines, ORNL-2250
(May, T958).
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III. SCIENTIFIC MOTIVATION

The study of the atomic nucleus is still a growing field; the
energy region between 20 and 100 Mev is largely unexplored. Even
in the energy region up to 5 Mev, where many experimental groups
have been working during the past twenty years, much remains to be
done. In what follows we enumerate specific fields which at this
juncture seem manifestly worth investigating. It can be seen that a
flexible program of research will profit extensively from the avail-
ability of different bombarding particles, from a continuously variable
energy, from intense beams, and from the use of beams which are
continuous rather than pulsed.

Nuclear Spectroscopy - The location of nuclear energy levels and

the determinations of their properties, such as spin, parity width,

and electric and magnetic moments is perhaps the most important -
source of information on nuclear structure. Many new techniques for
these studies are made available by the use of medium-energy

nuclear reactions. The utility of deuteron stripping is a well-known
example. Experimental evidence recently obtained at the Laboratory
indicates that inelastic scattering excites principally collective states
while deuteron stripping excites essentially only particle states.

Recent experimental and theoretical investigations of angular distri-
butions of inelastic scattering at this and other laboratories give

reason to hope that this will develop into a useful tool for spectroscopy.
As other nuclear reactions are studied and become understood, there

is every reason to believe that new spectroscopy techniques will

evolve from them. Precision spectroscopy requires large, high quality

beams of variable energy. The availability of various bombarding

particles is also of great advantage.
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Nuclear Reactions - A most important source of information on

nuclear interactions is the study of mechanisms for nuclear reactions
and scattering. The work on heavy-particle transfer reactions at

this laboratory provides an excellent example of this. Nuclear
reaction studies become most interesting in the energy region between
10 and 100 Mev, which is just the region covered by the ORIC. The
availability of a large variety of energetic ions is a most important
asset in this work. Since coincidence techniques will be necessary

in most of these studies, a cyclotron with its essentially continuous
beam possesses great advantages over linear accelerators and other
machines which provide only pulsed beams.

Coulomb Excitation - Since the electric interaction is well known

and understood, Coulomb excitation provides a unique opportunity for
studies of nuclear structure. While extensive work in this field has
been done with protons and alpha particles, work with heavy ions is
still in its infancy. The variable energy feature of the ORIC would be
of great advantage in these studies because experience with heavy-ion
linear accelerators has shown that energy reduction with absorbers
introduces very serious background difficulties.

Polarized Particles - Investigations with polarized particles are

gaining in importance. The primary requirement for the production of
such particles is a high intensity beam. It is interesting to note here
that polarized protons may be produced in two ways: from p-He
scattering and from the equivalent a-H scattering. The latter is prei-
erable in many cases because it gives higher yields. For example,
the production of 20-Mev polarized protons gives about fifty times
higher yields from the a-H scattering than from the p-He4 scattering.
This case represents the highest energy proton for which polarization
calculations have been made. Of course the investigation of
polarization of, say, p-He4 scattering at higher energies is a
promising field in intself. Here again, variable energy is of great

importance.
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Neutron Physics - Neutron physics continues to be a most im-

portant field, for its own sake as well as because information obtained
in this way is frequently directly applicable to reactor design. From
estimates of neutrons produced by protons on uranium one would
expect of the order of 1015 n/sec for a one-milliampere beam.
Neutrons from a cyclotron are naturally bunched by the rf, and time-
of-flight techniques can be used to measure neutron cross sections or
the spectra of product neutrons. Provision has been made in the
building layout for a long flight path. ILarge beams and high energy
protons are necessary for the copious production of neutrons.

Nuclear Chemistry - In this field perhaps the most fruitful

research lies in the production of transcalifornium elements with
heavy-ion bombardment. High beam intensity is of great importance
here. Also, variable energy is important in this connection because
it is desirable that thev incident ions have just enough energy to
penetrate the Coulomb barrier of the target; any excess only increases
the already large ratio of fission to spallation, and makes the pro-
duction of the desired isotope less likely. The study of the fission
process should be greatly aided by heavy-ion fission investigations.

A number of new isotopes throughout the periodic table will
undoubtedly be discovered with heavy-ion bombardments.

Production of Isotppes - The cyclotron will be employed chiefly

as a research tool, but its excellent capabilities as a radioisotope
producer will not be neglected. Very intense beams are an advantage
in the production of isotopes. The variable energy is useful since

it permits the bombardment of selected targets in such a manner
that production of the desired isotope is optimized. The isotopes
thus produced can be used for medical or industrial purposes, they
can be used in other fields of research, and they can be studied in
their own right as well, In general, these are positron-emitting
isotopes that cannot be made in reactors. There is good reason to
hope that new and useful isotopes can be produced that are not avail-
able in today's accelerators because of limitations in the energy,
current, or range of ions that can be accelerated. Many of the

isotopes can, of course, be prepared with high specific activity.




-19-

Solid State Physics - There should be many uses for such an

accelerator in the field of solid state physics. The study of radiation
damage is facilitated by the high power output of the beam. The

75 kw of beam available will, in general, be more than can be
dissipated in the target. As a consequence, the time required for a
given effect will not be determined by the accelerator but by the
maximum temperature allowable in the target. The range of 75-Mev
protons in aluminum is about 2 cm; this permits the use of relatively
thick targets and a study of the effect of charged particles in the in-
terior of the target material. With the acceleration of heavy ions

to ~» 100 Mev the surface effects of irradiation can be studied. Also,
high-energy heavy ions can be used to simulate the effect of fission
fragments without the high radiation background of a reactor. The
use of protons or deuterons may be a major advantage over the use
of reactor neutrons in that all the charged-particle energy is
dissipated in the target.

Atomic Physics - The range-energy relations and the dependence

of the ionic charge on the velocity have long been of interest to
physicists. The field is still inadequately explored experimentally
and theoretically. Different particles with variable energy provide
an excellent tool for studies of this sort.

Obviously, research will not be performed at the same time in
all the fields enumerated above. It is evident, however, that the
great flexibility of the machine will make its use possible in any
field which appears most interesting at the time. The flexibility
also guarantees, as much as can be done for any accelerator, that
it will not become obsolete. As long as there is interest in the
structure and properties of the atomic nucleus, the ORIC will be a
useful machine. Many of the fields mentioned above have, in fact,
been fruitfully exploited by the two existing Oak Ridge cyclotrons.

The experience which has been accumulated can be readily applied

to the programs of the proposed cyclotron.
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IV. MAGNETIC FIELD DESIGN

A. Design Requirements

In the early work on azimuthally-varying-field (AVF) cyclotrons,
the desired magnetic field was determined from theory, and the
principal construction problem was to determine the iron and current
configurations to achieve this field. This is a most formidable task,
and an unnecessarily restricted one, since all of the theoretical
requirements on the field may be satisfied in an infinitely large
variety of ways. The approach followed at this Laboratory was,
therefore, to construct a model with simple iron and current configu-
rations, make measurements and calculations to determine how it
fails to satisfy the theoretical requirements, make changes in the .
model to correct these failures, make new measurements, etc. This
turns out to be a rapidly converging process, with the errors decreasing
by nearly an order of magnitude on each successive iteration. The
theoretical requirements on the magnetic field are:

(1) Isochronism at all radii; that is, the time required for a

s S,

particle to complete a revolution must be equal to a consta.nt 1ndepend-

e e e e ey i B 4 N e T A 0 N i

ent of radlus, namely the perlod’ of the radio- frequency (r f) voltage

applied to the dees; at least that the phase shifting caused by differences

between these periods must never allow the particle to get out of phase
with the r-f voltage by as much as 90 degrees. The condition for
isochronism is, to a good approximation, that at radius r the average

magnetic field <B> (averaged around a complete turn) is

B 2(1 v I /1 ¢ =45
<B> _ 2N F dr; (1)
V1 - (x/a)®

where F is the "flutter'', defined as

& - ®° '

F = (2)

(2"




-21-

N is the number of sectors, and a is the cyclotron unit

a= —2J (3)

where m and e are the rest mass and electric charge of the particle
being accelerated, B0 is the field at the center of the cyclotron, and
c is the velocity of light,

(2) Axial stability; that is, the excursions of the particle in the

direction perpendicular to their normal plane of motion must not be so

large that the particles will strike the dees. Since the available

aperture in this direction is severely limited, this essentially requires
that there be positive axial focusing at all radii. The axial focusing

force, Fz, is

F,= 4" 3 %2 (4)

z

where the axial osc1llat1f£§f§1'.e?;}eqr1ﬁ}‘r“ 7/2, 1s approximately

!
S ; i
. It”i}e“‘* JilAred

;\l" st

) !
P

P 2
R
2 r. "~ d (B + N F (1+2 tan® a) (5)

7/z:-<B> dr N® -1

14
L3

where a is the spiral angle.

(3) Radial stability; that is, the radial oscillations must not be-

come unduly large. In practice, when they become larger than some
critical size, they begin to increase exponentially, so that the
requirement is essentially that the radial oscillation amplitude must
not reach this critical size.

As the principal requirement of simplicity of construction, it was
decided that the iron configuration be achieved by bolting shims of
uniform thickness (shims which can be cut from flat plates) on to the
pole bases of the magnet. It was decided that the current configuration
might include valley coils and circular trimming coils mounted on the
pole faces in addition to the main exciting coils, although an arbitrary
upper limit of 500 kw was set on the power consumption of these valley

coils,
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Since the effectiveness of valley coils increases rapidly with
size, they are always designed to use all available space in the
valleys. The design of the pole-face windings is determined by the
fact that the cyclotron must be capable of accelerating both protons
to 75 Mev and N4+ jons to at least 80 Mev, and that these energies
must be easily adjustable to any lower values. (It turns out that the
range of radio frequency and magnetic field adjustments necessary to
fulfil these requirements include the adjustments necessary to obtain
a large variety of other energetic particles including deuterons up to
40 Mev, alpha particles up to 80 Mev, etc. ) The isochronism require-
ment demands a different average magnetic field at each radius for each
final energy of each particle accelerated, and these variations must be
achieved with the circular trimming coils. This determines their
minimum design capabilities, and in fact, determines their actual
design since the space occupied by these coils is very precious.

The parameters of the iron configuration that can be varied to
satisfy the theoretical requirements on the magnetic field are:

(a) number of sectors, (b) hill gap, (c) valley gap, (d) ratio of hill
width to valley width as a function of radius, and (e) amount of spiral
as a function of radius.

The axial focusing increases monotonically as the valley gap is
increased, but when it becomes larger than the distance between
neighboring hills, further increases are of little value. In view of
this, and as a construction simplification, the valley gap was left as
the gap between the pole bases.

A relatively large ratio of hill width to valley width must be used
to obtain the necessary magnetic field strengths. Variations of this
ratio with radius are used to keep the average field at each radius
within a range such that isochronous fields for all particles can be
obtained with minimum size circular trimming coils. Aside from these
limitations, the valleys are made as wide as possible so as to allow

the use of the largest possible valley coils (these contribute to flutter).




The remaining parameters, the number of sectors (N), the hill
8 gap (g), and the spiral (a), must be chosen by relatively involved

compromises. For both N and a the axial and radial stability re-
quirements act in opposite directions, with low N and large a giving
increased focusing, but reducing the radial stability. There was good
reason to believe that N = 4 would give reasonable radial stability, and
it was hoped that even N = 3 would be sufficiently stable in some cases,
so that model investigations were made of both three-sector and four-
sector magnets. For survey purposes, only two types of spiral were
studied: A very weak spiral (actually negligible from the standpoint
of radial stability), and the strongest spiral that is useful for axial

(1)

focusing. The flutter increases as 8 decreases, but as g is decreased,
the aperture left for the beam is reduced very rapidly. Thus, g is made
as lafge as is consistent with obtaining sufficient axial focusing.
It is clear from the above discussion that many of the design
parameters can only be determined by model magnet tests. Some of
. these are:

i (1) Size, current capacity, and number of circular
trimming coils mounted on the pole faces.

(2) Effectiveness of valley coils in producing flutter.

(3) Ratio of hill width to valley width necessary to obtain
necessary average field strengths, and the variation of
this ratio with radius necessary to achieve isochronism.

(4) Maximum hill gap capable of producing the necessary
axial focusingj

In addition, magnetic field configurations from model magnet
tests were very useful in the radial stability calculations to be dis-
cussed in Section V and in axial stability calculations associated with
deflection (Sec. VI). Thus, the model magnet test program played

the central role in the design of the magnet.

(1) V. Bluemel, J. B. Carroll, and P. Stahelin, U. of I11. Tech.
Rept. No. 2, Navy Contract No. 1834 (05).
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Section B, below, will describe the model magnet and some of
the techniques used in gathering data with it. Section C will then
describe the method of analyzing the model magnet data and determin-
ing the changes to be made in the subsequent model. The results and
conclusions from this work will be given in Section D. Stability
problems will be discussed in Sections V and VI. The former pertains
to the problem of radial stability at small radii where, for heavy ions
at least, the frequency of radial oscillations, ')/I:, is nearly in
resonance with the circulating frequency (that is usually expressed as
7/1_ = 1). The latter pertains to a more complex instability which occurs
when large radial oscillations are intentionally built up for purposes

of beam deflection,

B. Model Magnet Measurements ,

Approximately 1/8-scale model magnets were energized with one
and at times two 1750-kw generators. Most of the measurements were
made with the model coils continuously energized; however some data
was collected with intermittent excitation of all or part of the magnet
coils, ' !

Fig. 4 shows a model and the general arrangement for making
model measurements. The intensity of the magnetic field is measured
with a Rawson rotating coil fluxmeter connected to a Brown recorder.
The fluxmeter prlobe is positioned by a milling machine table with an
automatic stop. A cam operating a microswitch energizes a solenoid
that releases the mechanical shift driving the table. A series ofup
to 44 points or positions 1/4 in. apart are measured along a line or
chord of the magnet. Then the position of the table, and consequently
the probe, is moved out 1/4 in. by hand, and a series of points along
the next line are measured. A complete grid of points 1/4 in. apart
is thus obtained over the entire model, or over any desired sector

of the model. The position of the probe at each point is marked on

the chart as the data is obtained, so that the field intensity at each
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point of the rectangular grid can be read and punched on paper tape .
for input to the computer. It should be pointed out that the data
must be converted from rectangular to polar form before the
properties of the magnet can be calculated.

A typical field contour obtained from a model is shown in Fig. 5.
The field contours follow the shape of the iron reasonably well along
most radii except for the central region and for the radii near the
edge of the pole.

The accuracy of the data depends on several things:

Source of Error % Error in Field

Recorder 0.2

Chart Reading 0.1

Probe Position 0.4

Fluxmeter 0.1 '
Current Regulation 0.3

Total RMS Error 0.6

The error due to probe position varies depending on the field
gradient. The gradient varies from zero to 18 kilogauss per inch.
When the errors in model construction are included, the error in field
measurement will easily reach 1%. The errors listed, however, are
for a given point. The errors for average B or for the flutter will be
substantially lower. Some of the errors can be reduced by more
accurate model construction and more accurate position of the fluxmeter
probe; however techniques available to us at this time fall short of the
desired 0.1% accuracy,

Most of the models tested have been exploratory in an effort to
determine the general parameters for several types of machines.

Fig. 6 shows a three-sector model with the upper half of the magnet

moved up so that the tip geometry is visible. A similar view of a

four-sector model is shown in Fig. 7.
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The auxiliary windings as well as valley coils of 1/2 x 1/16 in.
are shown in Fig. 8. As the main coils are moved closer to the
median plane or as a large percentage of the ampere turns are
contributed by the auxiliary coils, the efficiency of the magnet
increases. For example, when the hill field was 20 kilogauss the
energizing current decreased 25% as the coils were moved one inch
closer to the median plane.

The valley coils were pulsed at 1,000 to 2,000 amperes for 2 or
3 seconds; the data was recorded as shown in Fig. 9. The Brown
chart runs continuously while the probe is moved from position to
position and left at each position for about 10 seconds while the field
at that position is recorded. When the valley coils are pulsed, the
field contribution due to these coils appears as a negative pulse on the
chart since their main function is to deepen the valley or lower the
field in this region.

A set of coils shown in Fig. 10 was formed from 1/4 x 1/4 in.
copper with 1/8 x 1/8 in. water passage. These coils were energized
continuously at currents above 3,000 amperes for a current density
of 70,000 amperes/in. 2 The total power in the valley coils was 100 kw
supplied by one generator while the 50 kw for the main magnet coils
was supplied from a second generator . We are very fortunate to have
available two 1, 750-kw gene rators. Models seldom require over
200 kw; however at times the 350-volt rating of the generator has
governed the.test and in other tests the 5, 000-ampere current rating
has been the ‘governing factor. When pulsed measurements are made,
the currents are limited to approximately 2,000 amperes by the
breaker used to interrupt the current.

Forces on the coils and the magnet cores are shown in Fig. 11.
At low excitation currents the coil forces were away from the median
plane, as is the usual case in iron-core magnets. The forces con-
tinued to be away from the gap with increasing magnitude until the
excitation current reaches 1,500 amperes. The forces had started to
decrease at 2,000 amperes which was the design operating point for

this magnet; however the magnet was to be connected to a generator
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that under certain fault conditions could drive the current up to

4,500 amperes where the force was nearly 240,000 pounds toward
the gap. A similar condition existed for the core. In this case the
core separated from the yoke and tended to move toward the median
plane because the core extended through the coil about 11 in. This is
the distance the coils were moved toward the gap to improve the
efficiency, so that sufficient leakage at the high fields gave a larger
H in the gap than between the ycke and the pole. These numbers are
not presented to do any more than to point out that as magnets are
designed and built to operate at higher and higher field intensities, the
conventional direction of the torces for an iron core magnet may
reverse and allowance for this reversal must be incorporated in the
mechanical design of the system.,

A 1/8-scale model of a 110-in, diameter, 4-in. gap, 4-sector
magnet with individually energized sectors is shown in Fig. 12. This
type of magnet would be used with accelerating cavities instead of a dee
system. The cores are separated 12 in. to provide a 4-in. space for
the cavity and 4 in. for each of the coils around the sectors. The coil )
cores were formed by sawing a 93-in. diameter disc into four e'qual
parts and separating to 110 in. diameter. The shape of the pole tips
required to produce the desired field would be similar to these tips.
The tip separation is 2 in. at the center, in an attempt to obtain the
desired average field. More measurements will be necessary to
arrive at a suitable field in this region. The desired flutter was
easily obtained in this type of magnet since the gap was 4 in. and since
the main coils acted as valley coils.

Some consideration has been given to the use of the '""Hall effect'
as an alternate method of magnetic field measurement, both for the
model studies and for the full scale machine. Hall generators with
temperature coefficients of 0.04 to 0. 06% per degree Centigrade are
commercially available from Siemens and Halske in Germany, and
were used at CERN for measuring the magnetic field of the

synchrotron.
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Several of these Hall generators are on order; it is planned to
incorporate one or more of them into a more automatic system of
measurement. The output of the Hall generator is a d-c voltage of the
order of 100 millivolts and is proportional to the magnetic field
intensity. In principle, this voltage could be measured by a self-
balancing potentiometer or digital voltmeter and punched on to paper
tape or cards for input to a computer. This system would eliminate
the time consuming operations of reading a chart and punching the data
by hand, and at the same time eliminate errors that occur during these
operations. It is possible that such a system would be considerably

more accurate than the present method and would certainly be faster.

C. Design Study Procedure

The design of the AVF magnet is accomplished by a successive
approximation procedure, as is standard in studies of this type. The
magnetic field produced by a given magnet structure is determined
(via the model magnet procedure described in the previous section),
the orbit properties of this field are calculated, and corrections to the
magnet structure are inferred from the orbit properties. The
effectiveness of such procedures can vary enormously depending on
the acumen with which choices are made in regard to magnet config-
uration and the subsequent revisions. The situation is complicated by
the large number of parameters to be specified by the designer. A
semi-empirical model of the field of a given magnet was effectively
employed to guide the initial estimate and to gauge subsequent
corrections,

The method is restricted to pole tips of right cylindrical form;
for such, the tip geometry is completely prescribed by specification
of pole diameter, number of sectors, hill gap, valley gap, angular
width of hill as a function of radius, and spiral of the hill as a
function oaL)-adius. Pole structures being investigated at nearly all
sites have right cylindrical tips so that the restriction is small.

(The University of Florida is, to our knowledge, the only location

where poles of a different goemetry are being studied.) In addition
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to the magnet tip parameters, the location and number of ampere-

turns of the various coils must be specified to complete the description .
of the magnet. It is assumed that the yoke is designed on the basis of
standard practice, such that the magnetomotive drop in the yoke is
small.

The analytical model of the field is a linear-edge approximation
in which the field is assumed to be constant in hill and valley regions
and to vary linearly in fringing regions. If the problem is an initial
guess with no previous data available, the magnitude of hill and valley
regions is estimated from empirical excitation curves such as those
of Fig. 13. If the problem is one of gauging corrections to a previous
run, the hill and valley magnitude is set from the previously observed
values. The field is assumed to fall off linearly at all edges with
dH/ds = Hmax/Zg, for ds perpendicular to the field edge, and where
Hmax is taken to be the value of the field in the flat region from which
the falloff originated. The falloff is assumed to begin a distance of
0.6 g inside any edge of the magnet structure. Fig. 14 shows the
contour map for one of the magnet configurations which results from
the linear-edge approximation. This can be compared with typical
field contours obtained for a four-sector magnet, Fig. 5. The two
contours are considerably different in detail, but much less different
in terms of the average properties <B> and F which are of primary
concern, as is discussed subsequently. The approximate contour,
moreover, can be calculated in 10 minutes whereas the measured
contour represents approximately a man-month of work.

The approximate contour serves the important purpose of
yielding a simple algebraic relationship between the magnet structure
parameters (hill gap, valley gap, hill width, excitation, radius, etc.)
and the (13 and F. If we define a, to be the fraction of

circumference subtended by the hill region at a given radius, a, to

be the fraction subtended by an average fringing edge and[ to be
the ratio of hill to valley field strengths, then <B> and <B2) .

are given by the expressions in Fig. 15, and F is, of course, simply




kilogauss

25

20

(6))

10

-39-

UNCLASSIFIED
ORNL—LR-DWG 34301

pd

4

g=0.3in. /

A )

,/ /'g=1.(?in.

/ e

/ / _~ g=3.2in.|
s

/ i

|

/ / COIL 3/ x 2%in. CROSS

/ / SECTION —
/ // AVERAGE COIL RADIUS 12.5in. —

2 4 6 8 10 12 14 x10%
ampere turns

Fig. 13. Magnetization Curves for 8.75-in. dia Cylindrical Pole.




-40-

UNCLASSIFIED
ORNL- LR—DWG 34902

9/\ Gy = 0-87 I
Jvaliey = 3.21n.
7’////\\ NI =12 X 104 amp-turns

Fig. 14, Contour Map from Magnetization Data. Linear~edge approximation.




UNCLASSIFIED
ORNL-LR-DWG 28952R

25

20 ’—\\ a
"
o 15 \
O
B . \
& ¢ A ]

0 0

0 18 36 54 72 90 108 AZIMUTH

AZIMUTH (deg)

a, = RELATIVE WIDTH OF HILL
a,= RELATIVE WIDTH OF ONE FRINGING EDGE

L =4
a
{B>/a=atay) +U-a,-a5) { )
2 2,2
<8 >/02=(1—a4—%a2)§ +§a2C+a1+—3—a2

Fig. 15. Definitions and Relationships.

- lV—




42-

(<B2) /<B> 2) - 1. By use of these expressions the <B> and F of
new magnet configurations can be quickly computed and also
corrections to parameters of magnets already tested can be com-
puted to accomplish desired changes in (B) and F.

As an example of how the approximation is applied to new, un-
tested magnet configurations, consider the configuration from which
Fig. 14 is derived. First, by reference to the excitation curves of
Fig. 13, the hill and valley field strengths are determined, and from
this, a contour map such as Fig. 14 is plotted. From the contour map,
the relative widths of hill and fringing edge are determined by measure-
ment. These values are inserted in the formula for (B> and F. 1If, for
example, we compute at the radius of the dotted curve in Fig. 14, the
hill measures 47.5 deg and the two fringing edges 14 deg and 16.5 deg,
which yield values for ay and a, of 0.396 and 0.127. The hill field a
is 21 kilogauss and the fractional strength of the valley fieldéc is
12/21 or 0.572, which gives: .

(B> /a = (0.396+0.127)+ [1 -(0.396+0. 127):[ 0.572=0.796
\/B> = 16.7 kilogauss

<B?‘)/a2 - (1-0.396-4/3x0.127)(0.572)%+2/3x0.127x0. 572

+0.396+2/3x0.127 =0.671

B 0.671
F= 22 -1-= : - 1=0.058
(8> ° (0. 796)°

From the actual measurements made subsequently, <B> and F
at this radius were found to be 17.3 kilogauss and 0. 056, respectively,
so that the approximate prediction is in error by about 4% in each
case. Calculations of this type are then of great value in estimating

the performance of magnet configurations for which previous data are

unavailable. The calculations are substantially more accurate than
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the often used hard-edge approximation in which fringing is neglected
and hill and valley fields are assumed to be of unitorm strength over
their complete respective areas of the poleface.

The application of the linear-edge approximation to obtain
corrections to a previously measured configuration is illustrated in the
upper part of Fig. 15. Here the observed field profile at some radius
is shown on the left; a linear edge profile which gives a good fit to
the observed profile is picked giving the curve on the right and from
this, effective values of ap, G'Z’Z andi are obtained. Correction
terms are calculated by standard inversion of the formulas for <B)
and F. If for example it is desired to correct <B> by a change in the
width of the hill a;, we have

2 (B -
a; ..1_;,

and hence,

A B

Aay = lilf
An actual application of this procedure is shown in Fig. 16. For
lower solid curve in the figure <B> was taken from early model
studies at the University of California. Corrections to this were
computed, gauged to give the dashed curve in the figure. A set of
pole tips with the corrected shape was fabricated and when tested in
the model magnet yielded the upper solid curve in Fig. 16. The field
of the iron should follow the desired contour to an accuracy of about
0.3%; the corrective procedure usually accomplishes this in 2 or 3

iterations.
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- In Figure 17 results of application of the procedure to correction
of the flutter are shown. The lower solid curve in the figure labeled
"0.90-in. gap' is a flutter curve from an early run. It was desired
to convert this to a value of 0.11 at 3, 5-in. radius* by changing the{ .
Two independent procedures for changing/, were used; the first in-
creased the hill field by reducing the magnet gap giving the curve
labeled 0. 50-in. gap', the second decreased the valley field by
means of deexciting coils around the periphery of the valley and gave
the curve labeled ''0.90-in. gap, valley coils on'', For the large
magnitude of the correction, both curves give values reasonably close
to the desired 0.11 at 3.5 inches.

Another interesting feature of magnets with radial (or nearly
radial) sectors and right cylindrical tips is illustrated in Figure 17.
If the flutter curves are compared with the R %ﬁ%Z curve the

difference, which is 7/z » 18 seen to go through a maximum at

- intermediate radii. The behavior is illustrated schematically in
Fig. 18, the focusing and defocusing terms being given in the left-hand
graph and the resultant 7/z on the right-hand graph. The 7/z for H+
goes through a pronounced maximum and ends at a final value of about
0.2. This intermediate maximum in the ‘)/z is an inherent property
of tips of the type here considered in conjunction with the isochronism
requirement. To remove it would require introduction of additional
variables such as valley coils with an array of shunts which would vary
the valley coil current as a function ot radius, The maximum can also
be eliminated by proper manipulation of the spiral angle; the fairly
tight spirals required appear to be highly undesirable from the point
of view of deflector design, as is discussed in a tollowing section.

The effect of the maximum in the 7/2 will be to reduce somewhat
the radial stability limit for off-median plane motion due to proximity
ot the operating point to the Walkinshaw resonance. Radial stability

. limits in this region are quite large in the first place, however, so
that this reduction will probably be of small consequence. This will

be explored in detail in a subsequent calculation.

An F of 0.11 along with the spiral term and the (R/<¢B)> ) d<B> /dR
shown, would give the desired 0. 2 value for '7/z
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Figure 18 also shows the effect of change of the accelerated
particle assuming an accompanying change in the average field to
maintain isochronism. If the focusing term F (1 + 2 tan2 a) is left _
unchanged the solid curve on the right labeled ”N4+” results; the
value of about 0.4 which this curve has at 3. 5-in, radius is certain
to cause difficulty in deflection due to proximity of the Walkinshaw
line. If a portion of the focusing force is derived from supplementary
coils such as the valley coils, then the focusing force can be reduced
to a value such, as shown by the dotted curve on the left, by simply
turning off the supplementary coils. For heavy ions a 7€of the form
shown by the dotted curve on the right results, which is more tavorable
for detlector design. The valley coils are invaluable for proper con-
trol over the 7/z as particles are changed.

In the design of the ORIC most of the magnet parameters were
fixed on the basis of theoretical and economic considerations as dis-
cussed in other sections; after a particular choice of other variables
had been made, the techniques here described were used to determine
the hill gap and the angular width of the hill as a function of radius to
give the proper (B) dependence on radius and the proper focusing
at the maximum radius. The method is, however, quite flexible and
could be used just as conveniently to fix other design parameters if
the conditions of a particular problem made it desirable.

In the preceeding discussion it was assumed that orbit properties
were determined, for a given field, by the approximate equations (1)
and (5). This is purely a question of convenience. When a given
magnet has evolved to a point where exact determination of orbit
properties (via numerical integration of the equations of motion) is
warranted, the exact results are used to fix the corrections A 7/
and A <B> which are required; these corrections are inserted, and
the corrective procedure then procedes just as described.

A comment should be made, also, as to effects of coil position.
At the field strengths employed in the ORIC such effects are large.

As mentioned in the previous section, it was found that shifting the

coils a distance of 1 in. in the model changed by 25% the ampere-
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turns (and hence power by 50%) required to obtain a given field
strength, Curves such as those of Fig. 13 are hence substantially
altered, particularly at high excitations if coils are moved. Care
must be exercised to use curves applicable for the particular coil
position under consideration.

In addition to the problem of obtaining a proper configuration of
the iron and main coils, the multi-particle character of the cyclotron
requires that trimming elements be available to shift the field shape
to correspond to the different rates of mass increase of various particles.
In the upper left sketch of Fig. 19 the curves labeled N4+ and H+ are the
isochronous <B> 's for N4+ and H+ ions of the same final H(> . At small
radii the two curves ditfer by more than a kilogauss. To obtain the
necessary adjustment, the main magnet structure is designed to pro-
duce a <B> with radial variation corresponding to the curve labeled Fe
in the Fig. 19,and a concentric layer of circular coils mounted on the
pole face is used to shift the Fe profile up or down as required. These
circular trimming coils must produce a maximum field of about
550 gauss with radial variation as shown in the lower left of Fig. 19.
This trimming field must be continuously adjustable from '"full on"
to "full reverse', and in addition substantial changes in shape are
required.

The desired corrections can be accomplished by arranging the
circular trimming coils in a pancake extending from near the center
to the outside of the magnet, with the turns divided into approximately
seven separately excited sections, Standard least-square procedures
are used to determine the currents in the various sections which give
the best fit to the difference between a particular isochronous field
and the <B> produced by the magnet at a given excitation. In the
computation, it is of course necessary to know the radial dependence
of the <B> produced by a given trimming coil. For present purposes,
this dependence has been approximately measured by inserting trim-
ming coils in the model magnet. More precise measurements will be
made on the full-scale magnet. The least squares computation, in
common with nearly all the computations herein des'cribed, have been

coded for either the Oracle or the IBM 704. Flow sheets, in outline
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and in detail, of the computer program used in the least squares
computation are given in Figs. 20 and 21. The program is a typical
example of the many useful programs which have been developed in
the course of accelerator design studies at ORNL.

The computation assumes the incremental field produced by a
given coil to be a linear function of the coil current. For currents
of the order required, the model studies indicate this to be a valid
assumption. It is quite possible that situations will be encountered
where the assumption breaks down, in which case a non-linear least-
squares procedures will be substituted. A routine for this type of cal-
culation has already been worked out and although three to four times
longer than the linear routine, the added difficulty is not of major
character. For the input to this code, the non-linear relationship be-
tween <B> and I for a particular coil would be determined by model
measurements in the same fashion as for the linear problem except
that measurements would have to be made at a number of different
exciting currents.

Application of the fitting procedure to an actual situation is
illustrated in Fig. 22. In the problem the curve labeled <B) (iron)
is an actually observed set of values from a model run. The curve
labeled <B> (isochronous) is a calculated curve for nitrogen ions.
Best values for the trimming coil currents were computed and the
deviation of the resulting field from the desired <B> isochronous is
plotted on the lower curve, with scale on the right. Radial location of
the coils is shown by the arrows along the radius axis. The residual
area is quite small and mainly reflects errors in the model .
measurements. This is indicated by the lack of correlation between
coil location and maxima and minima of the deviation, and has been
further substantiated by runs in which analytical contours of form
similar to the <B> (iron) were used in place of the <B) (iron), In
these latter runs the deviations were a factor of 4 smaller and showed
coherence with the coil location. The trimming procedures are hence
of more than sufficient accuracy to meet the requirements. In
operation the proper setting of the currents will be computed for every

energy of every particle as needed.
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The least squares procedure occasionally gives an undesired
result in that adjacent coils will be required to carry large oppositely
directed currents which, to a large extent, cancel each other, When
such situations arise, one of the pair of coils is removed from the
problem and its current is adjusted individually to best fit the re-
quired A <B> ; the remaining coils are then adjusted to fit the remain-
ing difference. The residual is of course increased by the procedure,
but in practice is still found to be small enough for the procedure to
resolve the difficulty quite nicely.

In addition to providing a shift in field shape as required for change
of particles, the trimming coils must also compensate for changes in
field shape due to a shift in saturation effects as the field strength is
varied. Measurements of the <B> produced by particular tip configu-
rations were made over wide ranges of field strength. The field shape
shifts considerably at reduced fields but also, of course, the range of
adjustment required for change of particles narrows rapidly as the
field is reduced. The combined behavior requires a trimming coil
capacity of 600 gauss for adequate control, which is only slightly
greater than the 550 gauss required for change of particles at the

maximum field strength.
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D. Model Magnet Studies - Results and Conclusions

The early model work was directed toward determining the H
obtainable from the presently existing ma.gn<3t>a< as a function of the
magnet gap, the power dissipation, and the positioning of the main
exciting coils. From these studies and from other considerations
(Sec A, above), the design maximum energies were decided upon.

The next series of experiments was directed toward determing
the conditions necessary for focusing 75-Mev protons. It was soon
found that for hill gaps in the range considered practicable, either a
three-sector, weak-spiral (3S-WS) or a four-sector, tight-spiral
(4S-TS) configuration would be necessary. These were then investigated
for radial stability first with theoretical fields and later with actual
fields obtained from model measurements. As described in Sec V,
both of these, 3S-WS and 4S-TS, were found to give sufficient stability.

At this point, a series of investigations was undertaken to determine
with reasonable accuracy the design parameters for the 35-WS and
4S-TS cases in order to reach a decision between the two. The principal
problems in this program were in achieving adequate focusing at small
radii and at the maximum radius (there is never any difficulty at
intermediate radii) while still retaining a reasonable hill gap.

The space requirements for the various objects that must fit inside
the hill gap are:

Pole face windings 1 in.
Liner structure 7/8 in,
R-f voltage breakdown gap (100 kv) 2-3/4 in.
Dee structure 7/8 in.
Total 5-1/2 in.
It is apparent that to leave a reasonable space for the circulating beam,
the hill gap can be no less than 6-1/2in., and preferably as large as

8 or 9 in.

At this time fabrication of the steel for what was then known as the
1"48-Inch Cyclotron'' was already underway. The completed steel pieces
for the yoke and poles of the magnet determine the basic dimensions
ot the newly designed accelerator.
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The problem ot achieving adequate focusing at the maximum
radius is straightforward. In the 4S-TS case, since the spiral is
already maximized and the geometry makes the use of valley coils
difficult, the hill gap is the only variable. In the 3S-WS, the object
was to keep the spiral very small. Since sufficient flutter could not
be obtained by the iron alone, valley coils were necessary. Setting
the power in the valley coils at 500 kw (the arbitrarily determined
upper limit) and using as much spiral as seems prudent from stability
considerations and compatible with simple valley coil design, we are
left again with the hill gap as the only variable. The results of these

investigations are shown in the first row of the table below:

Table 1. Maximum Magnetic Gaps (in inches)

Which Give Adequate Focusing

3-sector 4-sector 4-sector
weak spiral tight spiral no spiral
Focusing at * *
large radii 5.8(7.5) 9.5 4,3 (6.5)
. * *
Focusing at 9.0 7.0(7.7) 6.5 (7.2)

small radii

Values in parentheses are with 500 kw in valley coils.

The problem of achieving adequate focusing at small radii proved
to be much more complex. Since <B> must increase approximately
as rz' to maintain isochronism while F rises initially as rN, the first
term in (5) predominates at small radii, giving a net defocusing. The
situation in a 4S-TS machine is shown in Fig. 23; it is apparent that
the difficulty is not easily overcome by dec reasing the hill gap.

Spiral is completely useless as it rises initially even less rapidly
than flutter so that some defocusing seems inevitable. The defocusing

impulse is proportional to the defocusing force times the number of
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turns; values of this quantity are shown at the top of Fig. 23 where
they are compared with this quantity in the ORNL 86-Inch Cyclotron.
In the latter, as in all standard cyclotrons, axial defocusing is its
greatest weakness; it would be highly desirable if this could be
drastically reduced in AVF cyclotrons.

According to Fig. 23, the only possibility for doing this lies in
the abandonment of isochronism at small radii; this procedure is, of
course, severely limited by the requirement that ions do not get out
of phase with the r-f voltage, or equivalently with a hypothetical ion
in an isochronous cyclotron, by more than 90 deg.

The procedure for investigating nonisochronous magnetic fields
was to (1) assume a field shape; (2) calculate the phase as a function of
turn number (if it ever gets larger than 90 deg a new field shape must
be assumed); (3) calculate the axial forces, both magnetic and electric;
and (4) compute the net defocusing impulse as defined above. All
calculations were numerical and on a turn-by-turn basis, although
usually steps of five or even ten turns at a time could be used.

Two approaches were investigated by these calculations; in the
first, the magnetic field was lowered in the center in order to shift the
phases so as to cause the ions to arrive at the dee gaps after the
electric field has passed its maximum (that is, the phase is positive);
they thus experience electric phase focusing which, it was hoped, might
overcome the magnetic defocusing. The difficulty with this approach
is that the magnetic field must eventually reach (and even somewhat
exceed) the isochronous field, and to do so, must increase with radius
even more rapidly than the isochronous field. This gives magnetic
defocusing from the first term of (5), and for all cases studied, this
added defocusing was far larger than the electric focusing obtained.

In the second approach, the average magnetic field was made to
decrease with increasing radius at small radii in order to obtain
focusing from the first term in (5). Here again, the magnetic field
must eventually reach the isochronous field and in order to do so must

increase even more rapidly than the isochronous field so that an added




~-60-

defocusing is experienced. However, in some cases at least, this

field increase could be postponed to radii where the AVF focusing is
strong enough to overcome it. In order to achieve so long a postpone-
ment, it is necessary to make the magnetic field larger than the
isochronous one at the center of the cyclotron, and let it fall-off with
radius until it is well below the isochronous field before beginning to
increase at radii where the AVF focusing becomes effective. The phase
is thus shifted negative and then back through zero to positive just as in
a standard cyclotron. The negative phase during the first several turns
causes electric defocusing, but the net defocusing impulse can be
substantially reduced relative to that in the corresponding isochronous
field. The essential element in determining whether this method works
is whether the magnetic field increase can be postponed long enough for
the AVF focusing to overcome its effect. This is very senstive to the hill
gap since this determines where the AVF becomes effective. The maxi-
mum hill gaps for which this method gives good results are listed in the
second row of Table 1.

Actually, these values are also quite sensitive to the dee voltage,
since this determines the number of turns required to reach a given
radius, and thus the phase shifting. Increasing the dee voltage,
however, requires increasing the required voltage breakdown gap and
thus the magnet hill gap, so that some compromise must be reached.
While these effects were not investigated in detail, it was determined
that a dee voltage of 100 kv is not far from optimum, and since that
voltage ismost compatible with other requirements (especially radial
stability) and achievability, it was used in the calculations.

The magnetic field fall-off method introduces still another problem;
namely, that the ions must pass through a radial oscillation resonance.

The radial oscillation frequency is given approximately by

2_,, _© 4B}
Y ®y dr
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so that at the radius where the magnetic field is flat in changing over
from decreasing to increasing with increasing radius, % = 1. The
particles spend only a small amount of time near this resonance so

that it might be hoped that its effect may not be catastrophic. However,
this point should be carefully investigated before this method of
achieving axial.focusing is used.

From Table 1 it is clear that either a 35-WS or a 4S-TS cyclotron

could be built with about a 7-1/2 in. hill gap; this corresponds to

2 in. of beam space, which is considered relatively adequate. In the
35-WS case, valley coils would be needed, but the situation at small
radii is much more favorable than in the 4S- TS. In the latter, a rather
intricate and delicately balanced field shape must be obtained, an
integral resonance for radial oscillations must be passed through, and
there is still a moderate defocusing impulse during the first several
turns. In the 3S5-WS, the situation is so over-designed at small radii
with a 7-1/2-in. hill gap that, it turns out, even an isochronous
magnetic field gives no defocusing, and of course, avoids the other
above-mentioned difficulties. The advantage would seem to easily
justify the added constructional complication of valley coils.

In addition, it became apparent at this time that a tight spiral
might well introduce serious difficulties into the deflection problem
(Sec VI), whereas there are no apparent difficulties associated with
the number of sectors. This again gives an advantage to the 35-WS
over the 45-T8S,

On the basis of these considerations, the 4S-TS design was
abandoned in favor of the 3S-WS. However, as a result of all these
investigations, it had become abundantly clear that a very high pl\y‘éfrnium
should be placed on hill gap space; practically every difficulty in the
design can readily be overcome by reducing this gap. At this time,
therefore, careful consideration was given to the fact that, in all of
the designs that had been considered, about 2/3 of the gap (4-1/2 in.)
is being used for the r-f system. This situation is difficult to change

as long as a dee system is used; thus, consideration was given to an
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alternate method of applying the accelerating voltage, a method
utilizing a resonant cavity(l)o This would allow the gap to be reduced
sufficiently for a 4-sector machine with no spiral to give good focusing
at all radii (Table 1). Such a machine would, of course, be ideal
from the standpoint of radial stability.

It was finally decided, however, that in view of the fact that the
3S-WS machine with a 7-1/2-in. hill gap appeared to be completely
feasible and was in a relatively advanced state of design and con-
struction, it would not be profitable to undertake the numerous new
engineering problems that would be introduced by so radical a change
in design. The 3S-WS design was, therefore, adopted. The shape of
the poles and the magnetic field contour are shown in Fig. 24 and 25
and the average field, flutter, and net focusing as a function of radius
are shown for 75-Mev protons in Fig. 26 and for 90-Mev N4+ ions in
Fig. 27.

(1) R. E. Worsham, to be published.




Fig. 24, Pole Configuration of the Three-Sector, Weak-$
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V. RADIAL STABILITY

An important problem which arises in connection with an AVF
cyclotron such as the ORIC is the question of radial stability of the
orbits. Over most of the machine the radial oscillation frequency‘;/r
is close to unity. The periodic sector structure of the magnetic field
leads, then, to the existence of nonlinear resonant driving forces
acting on the radial oscillations of the particles. Under these con-
ditions, particle orbits have absolute stability for only a finite range
ot oscillation amplitudes (orbit center displacements). In this section
we shall discuss the results of our investigations into the radial stability
of particle orbits in the ORIC.

The first part of our investigations was a preliminary study aimed
at evaluating the relative performance of two machine types then being
considered for the ORIC, namely, a four-sector, tight-spiral machine,
and a three-sector, weak-spiral machine. In this study our attention
was focused exclusively on the behavior of N4+ ions since for these ions
\/r is most closely equal to unity over the entire machine. Although a
considerable amount of work had already been done especially at
Harwell on the tight-spiral machines, hardly anything was known about
the performance of a three-sector, weak-spiral machine, For three
sectors the radial stability problem is much more acute since the
resonance is of lower order (quadratic rather than cubic). As we shall
show later, there are, however, mitigating circumstances in the three-
sector machine such that the radial stability problem is not more severe
than in the four-sector machine. On the basis of these results and
other important considerations discussed elsewhere, it was decided
that the ORIC should be a three-sector machine.

The second part of our investigation is a systematic study of radial
stability for magnetic fields obtained directly from the three-sector
magnet models described elsewhere. These studies have been reduced
to a definite routine and will continue as an integral part of the magnet
design procedure. All in all, the results of these studies show that
radial stability limitations in the ORIC will be quite tolerable.
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The theory of nonlinear resonances originated and was extensively
developed in connection with AG synchrotrons by Moser at Brookhaven,
Sturrock in England, Hagedorn at CERN, and others. ‘rhis theory has
been adapted to spiral-ridge cyclotrons by Stahelin at Illinois and the
Harwell group. The results of their work considerably impressed us
with the seriousness of the difficulties arising from the nonlinear
resonances. These results, however, are directly applicable only to
tight-spiral machines, and we are concerned with a much broader class
of machines. Furthermore, the approximations made in this work,
particularly by Stéhelin, are not generally valid. Because of the
difficulties involved in making an accurate analytical evaluation of the
nonlinear resonance effects, our own work has been based on the use
of a high-speed digital computer.

The two principal computer codes which are used in this work are
the ""equilibrium orbit'" code and the ngeneral orbit' code. These
codes are specifically designed for handling problems connected with
AVF cyclotrons. Two forms ot each code are available: one in which

the median plane field is given as an analytical function as follows:
B (r,0) = B (r) [14£(r)cos N (0 - ()] s (1)

the other in which the median plane field is given at discrete points on
a polar co-ordinate mesh, The first form ot these codes is used
principally tor general theoretical studies and preliminarydesign work,
The second form of these codes is used for detailed design work since
it can take for its input field values obtained from model magnet
measurements and the like.

The equilibrium orbit code takes a given median plane field and
calculates the desired.properties of the equilibrium orbits and the
small amplitude oscillations as a function of momentum. With this
code one can obtain such information as rotation period 77, radial
oscillation frequency y " and vertical oscillation frequency Yz
over an entire machine in less than 30 minutes. This code also pro-

vides input data for more general orbit studies.
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The general orbit code takes a given median plane field and cal-
culates orbit properties for given initial conditions. It is this code
which is used in investigating such matters as nonlinear resonance
effects on particle orbits. The procedure we have adopted for studying
radial stability is as follows: The particle orbits are started out with
specified deviations from the equilibrium orbit, and the computer then
integrates the equations of motion until it is stopped. The output of the
computer is in the form of ""phase plots." If x is the radial displacement
from the equilibrium orbit and P, is its conjugate momentum, then a
phase plot for a given orbit is obtained by plotting corresponding values
of Py against x at intervals of one sector during the orbit integration.

The computer is equipped to make these plots automatically on its
"'curve-plotter' attachment while the calculation proceeds. At the same
time the plotted curves can be observed on a ""Memoscope'' at the console,
As a result, succeeding orbits can be arranged so as to ''fill in'' the
phase space to best advantage. As we shall show later, these phase plots
can be used directly to gauge the range of radial oscillation amplitude

for which the orbits in a given field are effectively stable, The procedure
for obtaining these phase plots has been reduced to a definite routine

such that it requires only about two hours of computer time to complete
the work on a given magnetic field.

We shall discuss first the results obtained for the four-sector
tight-spiral machine. In this investigation we considered only N4+ ions
because, as noted above, for these ions ‘)/r is most closely equal to
unity over the entire machine and, hence, the greatest difficulty with
radial stability could be expected. With the results of Stihelin as a
guide, a median plane field having the maximum possible spiral con-
sistent with the available magnet gap was derived. The parameters

of this field were then fitted to B (r,9) of Eq. (1) as follows:

f(r) = 0.167 [rz/(r2+a2)] 2
a=x 0.018
(2)
& (r) = 24.0r
—]?T(r) = (1 - rZ) -1/2
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where f (r) is the "flutter",/ (r) is the "spiral"', and B (4) is the
average field. The unit of length (cyclotron unit) for N4+ ions is in
this case 280 inches. (Note that a field of this form is not quite proper
as r — 0 since 6’ (r) must go to zero at least as rz. We may overlook
this difficulty by stipulating that this field does not extend all the way
intor = 0.) This field was run through the equilibrium orbit code

with results shown below:

Table 2. Four-Sector, Tight-Spiral Machine with N4+ Ions

P E, T 2. r e
0.020 2.6 0.9998 0.0403 1.0011 1.0002
0. 045 13.2 0.9992 0.1581 1.0038 1.0010
0.070 31.9 0.9991 0.2635 1.0082 1.0024 )
0.095 58.7 0.9991 0.3653 1.0147 1.0045 .
0.120 93,5 0.9991 0.4660 1.0230 1.0072

= momentum in Mc units
= kinetic energy in Mev
= ratio of particle rotation period to r-f period

p

Ek

T

Vz = axial oscillation frequency
Ve = radial oscillation frequency

70 = ""smooth approximation' values of /r

As can be seen, the momentum values chosen cover the machine from
inside to out. The values of ] shown indicate that the form of B (r)
is close enough to that required for isochronism (7= 1) for our
purposes here. The values of 7/2 shown increase steadily and reach
a rather large value near the outside of the machine, a result which is
made necessary by the fact that the same flutter field must also focus
vertically 75-Mev protons. This result is rather unfortunate since it

means that the operating point of the N4+ machine comes close to
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the )/r =2 )/z coupling resonance line and, as we shall show in the
next section, this has important effects on the problem of beam
deflection. Since we are concerned here, however, only with the
question of radial stability we shall, for the present, overlook this
difficulty. The last two columns of Table 2 give 7/1_ as obtained by
the computer and ‘)/(;, the corresponding values as obtained from the
smooth approximation (7/?)2 =1+k=1+ p2 for B as given). As far as
the question of radial stability is concerned, the important quantity is
( 7/1' - 1), and we see from this table that the smooth approximation
values of ( ')/r - 1) are off by a factor of about three. This is not sur-
prising considering the degree of validity of this approximation; however
we have emphasized this matter here to point out that the analytical
treatments of radial stability which have used this approximation for
)/r cannot be considered very reliable. The deviation of Vr from the
smooth approximation value arises not only from the flutter and non-
- circularity of the orbits, but especially from the flutter derivatives
(as first noted by L. Teng), and these derivatives are particularly
important near the machine center. These deviations vary as N-2 and,
as we shall see, are therefore even larger in the three-sector machines.
We turn now to the radial phase plots obtained for the four-sector,
tight-spiral machines just described above. These phase plots are
shown in Fig. 28; the method by which they are obtained has already
been discussed. The nature and'significance of these plots can best be
understood from the theory of nonlinear resonances and so we shall
delay the discussion of our results to present a brief, qualitative
sketch of this theory as it applies to the present situation. For the
nonlinear driving force acting on the radial oscillations, we shall

write
F =32Cx3cos40
° where x is the displacement from the equilibrium orbit, C is a

constant characterizing the strength of the force (the factor 32 is

included here merely to simplify other equations to follow), and the
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cos 4 0 factor arises from the four-sector periodicity of the field.
(For simplicity we are omitting other terms in F, for example the

one in x~ alone, since we are interested here only in the qualitative
results of the theory.) Instead of x and P, we introduce the variable
A and ¢ defined as follows: x = A cos (0 + §#), with p, being propor-
tional to (dx/d0). We may consider that the phase plots are con-
structed from a given orbit by plotting Py against x once per revolution
at 0 = 0 so that (A, @) are essentially the ""polar coordinates! of the
points in these plots. If the nonlinear forces are negligible the A is
constant and (d@/de) = ( yr - 1) so that successive points in the phase
plot will fall on an ellipse, the "invariant ellipse'' characteristic of the
linear motion. The number of revolutions required for the ellipse to
close will then be (Vr - 1)-l since the angular velocity of the plotted
points in the phase plane is 27 (d¢/d0). (Actually, the points in the
phase plots are plotted at the rate of once per sector rather than once
per revolution, but we can consider the resultant plots as four separate
plots superimposed.) Considering F as a perturbation on the linear
motions, the first-order equations for the adiabatic variation of

A and ¢ are then as follows:
(dA/d0) =C A> sin 4 0

(d@/de)

i

(%-l)-CAzcos4¢

The following is then a first integral or invariant of these ""equations

of motion'

(.- 1A% -1/2C A% cos 4 ¢ = 1. (3)

The significance of this result is that the points in a phase plot for a
given orbit will lie on a curve for which H is a constant. Even though
the theory is only approximate, it does provide a valuable qualitative
guide in interpreting the results obtained in these phase plots.
Equation (3) for the invariant makes the following predictions: For

small amplitudes A is a constant independent of § so that the curves
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are ellipses (linear motion). As the amplitues A increase these .
ellipses will develop ""corners' and become quadrangular in shape.

For still larger amplitudes the corners become sharper and the sides
of the quadrangular figures become concave. It is these figures which
mark the boundary between stable orbits with closed invariant curves
and unstable orbits with open invariant curves. The limiting case is
the '"unstable fixed point'" which occurs when A = L (% - 1)/C] 1/2 =
constant, § = constant. The open invariant curves corresponding to
unstable orbits are characterized by asymptotes along which points
move in or out. There are four asymptotes ot each kind roughly 90 deg
apart.

We return now to the phase plots shown in Fig. 28. Each picture
contains a series of phase plots at a given fixed energy shown on the
picture. The center of each picture (zero amplitude point) is the
equilibrium orbit location at the given 6 value chosen here to be at the
field maximum. Full scale for these pictures is a displacement of .
1/64 cyclotron units = 4.4 inches. Each picture shows phase plots for
three orbits which were chosen to give a fairly good estimate of the
configuration of the invariant curves. As can be seen, the forms of the
curves traced out by the plotted points are quite consistent with the
theory sketched above. The plotted points move generally in the clock-
wise direction about the origin; the angular speed with which the points
move is greater at the higher energies since (7/1_ - 1) is greater there.

Examination of the pictures at 69 and 94 Mev shows that radial

oscillation amplitudes up to about two inches are definitely stable. The

same is true for the picture obtained at 32 Mev, which is not shown.

Although the picture at 13 Mev is qualitatively different, we would still

estimate the maximum stable amplitude as about two inches. The

"knees'' of the two curves, one flowing in, the other out, mark out

fairly definitely the position of the unstable fixed point which must lie

between these knees. The picture at 2.6 Mev is quite different; all .
these orbits are unstable and it is evident that the stable orbit region

must be quite small. However, the information that can be gleaned 4

from these curves is quite encouraging. First of all let us note that

the points on these curves lie very close to '"outflowing asymptotes"
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and, hence, the amplitude growth rate at these ¢ values is a maximum,
If we examine, then, the history of these plots we find the following:
The three plots start at displacements of 1.1, 1.65, and 2. 2 in. and
run for 51, 20, and 9 revolutions, respectively. Since they all
terminate at nearly the same displacement, we may conclude that the
minimum number of revolutions required for an amplitude growth from
1.1 to 1.65in. is 31 revolutions, and from 1. 65 to 2. 2 inches is
11 revolutions. Now since the energy gain per revolution for N4+ ions
is about 1.6 Mev, it will require only about 7 revolutions for ions at
2.6 Mev to reach 13 Mev where the amplitude stability limit is 2
inches. Therefore, those ions at 2.6 Mev with amplitudes less than
1 1/2 in. will certainly survive. The "effective" stable amplitude limit
will actually be larger since only a minority of the ions will have
unfavorable @ values at 2.6 Mev and, as we shall discuss later, the
acceleration process will at any rate keep changing the § values. In
summary then, we find that over the last 85% of this machine, radial
stability is assured for amplitude up to 2 in.; over the first 15% this
limit is probably not less than 1 in. and may be larger, depending on
acceleration effect. These amplitude limits are considered adequately
large.

We turn next to the discussion of the results obtained for three-
sector, weak-spiral machines. These investigations have included
N4+ ions, as above, and also protons. We divide this work into two
parts the first of which, along with the four-sector work described above,
was a preliminary investigation of the problem, and the second of which
is the work being done in connection with the model magnet design work.
The first part of these investigations which dealt only with N4+ ions
was carried out using a field in the form given by Eq. (1). The
parameters for this field were obtained from measurements on a pre-
liminary three-sector model magnet. The resultant field parameter
are as follows:
-0.096 + 14,0r - 91,8 r®
32.2 r2
0.998383 + . 00655 cos (57.8 r)

f(r)

Z )

B(r)
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These parameters are appropriate to N4+ ions for which the cyclotron

length unit is 280 inches. Although the extent of the actual machine

is0 £ r < 0.12, this f(r) is valid only over the range 0.012 = r
= 0.100 so that our range of calculations was thereby restricted.

Values of f are given below:

Table 3. Three-Sector, Weak-Spiral Machine with N4+ Ions

P Ek T V A % 7/3 f
0.02 2.6 1.0005 0.1420 1.0090 0.9965 0.147
0.03 5.9 1.0004 0.2140 1.0202 0.9944 0. 241
0. 04 10. 4 1.0002 0.2677 1.0315 0.9944 0.317
0.05 16.3 0.9998 0.3043 1. 0409 0.9977 0.375
0. 06 23.4 0.9992 0.3293 1.0463 1.0036 0.414
0.07 31.9 0.9988 0.3503 1. 0445 1.0104 0.434
0.08 41.6 0.9993 0.3754 1.0341 1.0150 0.436
0.09 52.17 1.0017 0.4086 1.0150 1.0149 0.420
P = momentum in Mc units
Ek = kinetic energy in Mev

ratio of particle rotation period to r-f period

ﬂ

= axial oscillation frequency

N

radial oscillation frequency

= "smooth approximation' value of 7/1'

2 O

- XN R

= f(p), value of flutter

The spiral here is '""weak'" and is really only needed at the outside of the
machine where f(r) begins to fall off. The total spiral in this machine
is only 0.46 radians whereas in the four-sector machine described
above it is 2. 88 radians. The value of B was chosen to produce a
condition of near isochronism. Note that B (r) falls off with increasing
T (negative k value) near the center of the machine. This behavior is

a result of the fact that the orbits here are appreciably noncircular.
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This field was run through the equilibrium orbit code with results
which are shown in Table 3. The energy range (2.6 to 52.7 Mev)
here is restricted to about half the full energy because the validity of
this field extends only out to r = 0.1. As can be seen from the
values of | shown, the degree of isochronism is quite good. Here
again the values of 7/2 reach rather large values at the outside of the
machine for reasons given before. As can be seen the values of -/r
given by the computer are significantly larger than those obtained
from the smooth approximation. This difference is much more striking
here than in the four-sector case as a result of the larger f and smaller
N. The importance of the flutter derivatives on 7/1_ is apparent near
the end of the table where 7/1' decreases along with f.

Before discussing the phase plots obtained in this case, we again
give a brief sketch of the theoretical background required to interpret
these plots. Most of the discussion given in connection with the four-
sector machine will also apply here so we shall note here only the
changes necessary for a three-sector machine. For the nonlinear

driving force acting on the radial oscillation, we write
2
F=16Cx cos 380,

For the first-order equations giving the adiabatic variation in the

variables A and @ we now have

(dA/dQ) = C A2 sin 3¢
(d@/de) = ()@ -1)-C A cos 3 9.
For the invariant associated with these equations, we then have
(7/r-1)A2-2/3CA3cos3¢:H, (4)
which may be compared with Eq. (3) for a four-sector machine. The

discussion of the form of the curves obtained from the phase plots is

quite similar to that for the four-sector machine except that here the
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figures will be triangular rather than quadrangular. The unstable
fixed points, where the amplitude of stable motion has its largest
value, is here given by A = (Vr - 1)/C, ¢ = constant. The unstable
orbits here will again be characterized by open curves with asymptotes
along which the points move in and out. There will be three
asymptotes of each kind (inflowing and outflowing) spaced about 120 deg
apart.

We return now to the three-sector machine descirbed above. The
phase plots obtained in this case are shown in Fig. 29. Each picture
contains a series of phase plots obtained at a given fixed energy as
shown. As can be seen, the centers of these pictures are almost, but
not quite, on the equilibrium orbit. Full scale on these pictures is a
displacement of 1/64 cyclotron units = 4.4 in. The picture obtained at
41.6 Mev contains phase plots for four orbits, three stable and one .
unstable. The '"knees' in the plots for the unstable orbit (where the
points are closely spaced) give a good indication of the location of the
fixed points in this case. The maximum stable amplitude is about 4 in.,
almost twice that of the four-sector machine. The picture obtained at
23.4 Mev is similar to that at 41.6 Mev, although the maximum stable
amplitude is down to somewhat less than 3 in. The picture obtained at
10.4 Mev contains plots for one stable orbit and three unstable orbits
(close together). The stability region is pretty well delineated and the
maximum stable amplitude is about 1.5 in. The picture obtained at
2.6 Mev contains plots made from three orbits all unstable. An
estimate of the size of the stability region leads to the conclusion that
the maximum stable amplitude is about 1 in. However, the results at
this energy are not considered reliable since the flutter f used here
does not approach zero properly at small r values and, hence, the
driving force (which depends essentially on dzf/drz) is very likely
incorrect. The over-all results of this preliminary investigation of
radial stability in the three-sector machine were very encouraging.

In the middle of the machine the orbits are more stable than in the

four-sector machine, while at lower energies the results were at

least comparable in the two cases.
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Having completed the discussion of the preliminary investigation
of the radial stability problem, we turn now to discuss the work done
using magnetic fields obtained directly from the three-sector magnet
models. This work has included both protons and N4+ ions, which
represent the two extreme cases. The results obtained with N4+ ions
have generally verified those discussed above. In the middle and
upper energy regions of this machine the limiting stable amplitudes
range from 3 to 5 in. so that the orbit stability is quite good. For the
sake of brevity we shall discuss here only the results obtained near the
center of the machine. In Fig. 30 we have two sets of phase plots
obtained at 2.6 Mev and 16.3 Mev., In these pictures x is plotted
vertically and Py horizontally. The cyclotron unit here is 265 in. so
that full scale in these pictures is a displacement of 1/64 cyclotron
unit = 4. 14 in. The picture at 16.3 Mev shows phase plots (slightly off
center) for three orbits, all stable. The stability limit indicated here
is for an amplitude of 2 in. or more. The picture at 2.6 Mev shows )
phase plots for three orbits, all unstable. The asymptotes along which
the points move outward are clearly indicated. For the plot nearest
the center we found that an amplitude growth from 0.5 to 1.0 in. requires
about 20 revolutions. Note that since the energy gain per turn for N4+
ions is about 1.6 Mev, it requires only about 9 revolutions for the
particles at 2.6 Mev to reach 16.3 Mev.

Turning now to the results obtained with protons we find that orbit
stability over most of the machine is no problem at all. The values
of '\/; rise significantly above unity for energies over 15 Mev. Beyond
this energy the orbits are stable for amplitudes up to 5 in. and more.
This being the case, we shall describe here only those results which
pertain to the lowest energy region of the machine. Pictures of phase
plots obtained at energies of 1.7, 6.7 and 15.1 Mev are shown in
Fig. 31. In these pictures x is plotted vertically, Py horizontally.

In two pictures (6.7 and 15.1 Mev) the equilibrium orbit position is

somewhat off center. The cyclotron unit here is 84.9 in. so that full

scale deflection in these pictures = 1/16 cyclotron unit = 5. 3 in.
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The picture obtained at 15.1 Mev shows plots for four orbits, all of
which are stable. In this case the stability limit corresponds to an
amplitude of at least 3.5 in. Note that ?/r = 1.07 here. The picture
obtained at 6.7 Mev contains plots for three orbits, one stable and

the others, which overlap, unstable. ‘I'he stability limit here corre-
sponds to an amplitude of about one inch. For protons the energy gain
per turn is 0.4 Mev so that it requires 21 revolutions for a particle

at 6.7 Mev to reach 15,1 Mev where the limiting amplitude is over
3.5 in.

The picture obtained at 1.7 Mev contains plots for two orbits both
of which are unstable. The asymptotes along which the points flow
outward are clearly defined. One orbit with an initial displacement of
0.6 in. runs for 16 revolutions, the other with an initial amplitude of
0.9 in. runs for 15 revolutions.

We may summarize the preceding discussions by saying that radial
stability of the orbits is not much of a problem for the proposed three-
sector machine except close to the center. Our investigations thus far
have been made by means of phase plots obtained at constant energy.
Close to the center of the machine we can expect the acceleration proc-
ess to have a pronounced effect on the radial oscillations. Each time
the particle crosses an accelerating gap there will occur a nearly
discontinuous change in the amplitude and phase of its oscillation.
These changes arise because of the outward shift of the equilibrium orbit
and the increase of Vr with increase of energy. The changes which
occur in the phase are partiuclarly important. As the results we have
discussed show, the resonance phenomenon may cause either a growth
or shrinkage in amplitude depending on the phase of the oscillation, so
that a shifting of the phase tends to ameliorate the effects of the
instability.

The radial stability problem at low energies can be viewed in the
following way: If the particles reach an energy of 20 Mev or so, such
that their (r,pr) values lie within a certain area of phase space, then
their orbits thereafter will be stable. If these particles are decelerated

and retraced back down to near zero energy, their resultant (r,pr)
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values must cover an area in phase space which includes the area
occupied by the (r,pr) values of the particles emitted by the ion source.
Present computer codes have facilities for including acceleration
etfects on particle orbits and we plan to perform computations of this
kind. The matching of the two phase space areas is then the solution
of the stability problem. This can partly be accomplished by proper
location of the ion source,although a location suited to protons, for
example, will probably not be suited to N4+ ions. What is usually
needed is a system of field coils which will produce a ''cos @' pertur-
bation on the beam. If such a first-harmonic field has sufficient
variability in strength and phase, it will serve to displace the (r, pr)
values of the particles in the beam to the proper area of phase space.

With the computer facilities available here it should be possible to

design a workable system.
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VI. BEAM DEFLECTION

The problem of beam deflection from a machine such as the ORIC
is a rather difficult one, Whatever deflection scheme is used, it must
work equally for low-energy heavy ions all the way up to the highest
energy protons. Although the conventional electric deflection system
would work for the low-energy ions, it is quite unlikely that it would
also work for 75-Mev protons. The beam deflection studies we have
carried out so far are aimed at investigating the possibilities of mag-
netic deflection schemes. It is intended that the design of the beam
deflection system will be worked out simultaneously with the design of
the magnet. In this way it is hoped that a workable deflection system
can be built right into the machine from the start. As a result, all the
problems which arise from trying to obtain deflected beams after the
machine is built would be avoided.

Our investigation of a magnetic deflection system is based on the
Le Couteur system, with appropriate modifications for use in an
AVF cyclotron. In the section on radial stability we discussed the fact
that the sector structure of the magnetic field, together with the close-
ness of Yr to unity, gives rise to nonlinear resonance effects which
limit the radial stability of the orbits. One may hope then to make use
of this instabilify to help achieve beam deflection. The basic require-
ment for a deflection system is that it must produce a sufficient
separation between successive turns so that most of the ions in each
pulse can clear a septum and enter the exit channel. The nonlinear
resonance effects have the required property. For a three-sector
machine the increase in amplitude per turn is proportional to the
square of the amplitude so that if a small radial oscillation is induced
in the beam, the resonance can amplify this amplitude to achieve a

large increase per turn.
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A considerable amount of work on the nonlinear resonance de-
flection system has been done at ORNL in connection with the design
of an eight-sector, 850-Mev, AVF cyclotron. (1) The results of this
work show that such a deflection system can work quite well.

For the ORIC the first requirement for this system to work is a
manipulation of )~ . As pointed out in the section on radial stability,
the value of yr for protons is significantly greater than unity (~1.1)
near the outside of the machine. As a result, radial oscillations with
amplitudes up to 5 in. and more are stable. For deflection purposes this
considerable degree of stability is undesirable. To shrink the range of
stable oscillation amplitudes it is necessary to have the average field fall
off near the outside. This field fall-off will reduce the value of k and
hence also Vr’ One additional consequence of having the average field
fall off is that the particles will lose phase. However, if a good degree
of isochronism is maintained over the rest of the machine, then the total
phase loss during extraction should not be enough to cause the particles
to decelerate. Accompanying the decrease in k should be a corresponding
decrease in flutter such that )/Z does not get too large. A decrease in
flutter will also aid in dropping Yr toward unity.

The second requirement for the success of the nonlinear resonance
deflection system is a suitable field bump. The radial phase plots
associated with the resonance are characterized by a central region of
small oscillation amplitudes which is stable and a peripheral region of
open phase plots of unstable orbits. Before the deflection process begins
the beam will be located in the central stable region of phase space.

Part of the deflection system must, therefore, contain a mechanism for
shifting the beam from a stable area of phase space into a region of
instability. After this has been done, the nonlinear resonance force
will then act on the beam to increase its radial amplitude at a steadily

increasing rate. The mechanism for shifting the phase space location

(1) ORNL-2501, and
M.M. Gordon and T. A. Welton, Bull. of APS, 3, 57 (January 1958).
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of the beam is the so-called 'field bump'., The purpose ot this field
bump is to produce a force acting on the radial oscillations of the

following form:;
F = (ocosg + flxcoszg + .

At resonance (yr = 1), the tirst term in F (which is the most important
here) causes the oscillation amplitude to grow at the rate of (oR

per revolution, where R is the radius of the orbit. The parameter 6 o
here is the ratio of the strength of the bump to the strength of the
average field. Thus, for 50 =102 and R £ 30 in., the amplitude gain
per turn will be about 0.1 in, If the stability region in phase space is
sufficiently reduced when deflection begins, then a relatively weak bump
can be used. In addition to the strength of this bump, its azimuthal
location is quite important. The region of phase space where the orbits
are unstable is characterized by asymptotes along which the points
representing particle orbits move either in or out, corresponding to
growth or decrease in oscillation amplitude. The field bump must not
only displace the phase space points of the particles into the region of
instability, but must also displace them so that they move toward one
of the asymptotes along which the amplitudes will continue to grow at
an accelerated rate. This can be accomplished by a suitable choice of
the azimuth at which the bump is located.

To summarize, the resonance deflection system consists of two
parts. As the particles arrive at the outer orbits they are acted upon
by a suitable field bump which builds up their radial oscillations. As
these oscillations grow in amplitude the nonlinear driving forces take
over and accelerate the rate of growth. This growth rate will eventually
reach a point where the particles can in one turn clear a septum and
enter the exit channel. This system differs from the usual Le Couteur
system in that use is made here of the nonlinear driving forces already
present in the machine so that the additional field bumps required need

not be so large,
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There is a very serious danger in this deflection system (as in
the Le Couteur system also), namely the possibility that the beam
will lose its axial stability during deflection. An essential part of the
deflection process is the induction of large radial oscillation amplitudes
in the beam. Whenever large radial amplitudes are present certain
nonlinear coupling resonances become important and may lead to a
disastrous growth in the axial oscillations. The coupling resonances

which are important here are

Vi-2y, =0 (N-1)7+2), =N

where N is the number of sectors. As the radial oscillations grow in
amplitude the nonlinear terms in the orbit equations cause 7/2 to shift
toward the resonant value given above, about 0.5. When 7fz reaches a
resonant value, the amplitude of the axial oscillations then begins to
increase. Since the amount of axial gap space available to the beam is
quite limited, any such growth is harmful and may be disastrous. This
effect has been studied extensively in connection with our work on beam
deflection from the 850-Mev proton machine mentioned above. There
we found that the effects of the coupling resonances limit the amount of
radial amplitude build-up that can be achieved during the deflection
process. These effects are considerably worse for tight-spiral machines
since the spiral makes a large contribution to the nonlinearity of the
machine. The work at Harwell on the four-sector, tight-spiral machine
has amply demonstrated this point.

Our first study of this problem was made for the four-sector, tight-
spiral machine with N4+ ions discussed in the preceding section on
radial stability. We chose the energy for this orbit test run to be
58. 7 Mev since other orbit data had already been collected there. We
did not use the higher energy (94 Mev) since we wanted to be sure that
the orbits would remain inside the machine for large radial displacements.
The initial values of r and p. for this orbit were so chosen that the orbit

would be radially unstable. In addition, the orbit was given an initial
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vertical displacement of about 1 in. from the median plane. (Since
the axial motion is nearly linear, the results for other displacements
are roughly proportional.) The radial phase plot for this orbit is the
open (unstable) plot in Fig. 28, at this same energy. The corres-
ponding axial motion is shown in Fig. 32. Points for this curve were
obtained from the computed z values plotted once per sector. During
this run the radial amplitude increased trom about 2 in. to about 6.5 in.
in ten revolutions. As can be seen in Fig. 32, the axial frequency
shifts in and out of resonance with succes sively larger growths in
amplitude. Our conclusion trom this run is that coupling resonance
effects would be disastrous during beam detlection in this type of
machine, This conclusion is consistent with the results obtained at
Harwell.

A similar study has also been made for the three-sector, weak-
spiral machine with results which are much more encouraging. For
this work we used fields obtained from the three-sector magnet model.
For comparison with the above results we again considered N4+ ions,
this time at an energy of 64.9 Mev. The equilibrium orbit code gave
for this energy 7/1_ = 1,045 and 7/z = 0.330. Radial phase plots obtained
at this energy are shown in Fig. 33. Full scale in this figure corre-
sponds to a deviation of about 4 in. from the equilibrium orbit. Two
orbits are shown, one stable and the other unstable. The unstable orbit
begins with a radial displacement of 1.0 in. and runs off the edge of the
picture. This orbit was run again with an initial vertical displacement
of 0.5 inches from the median plane. In this run the particle went
15 revolutions before running off the outer end of the magnetic field.
The z-motion of this orbit is shown in Fig. 34. The curve shown was
obtained from points plotted at intervals of once per sector. As can be
seen, in this case the amplitude and frequency of the vertical oscillations
held quite steady over the entire length of the orbit. At the same time

the amplitude of the radial oscillations grew from 1.0 in. to 7. 2 in.
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In the table below we give the history of the radial motion over the

last several revolutions of this orbit.

Rev. No. r (in.) Ar (in.)
10 30.178
11 30.769 0.59
12 31.479 0.71
13 32.309 0.83
i4 33.287 0.98
15 34.482 1.20

The particular @ value at which this data was recorded was such
that the value of P, did-not change very much so that the increase in
radial oscillation amplitude here goes almost entirely into increasing r.
The Ar shown in this table was calculated by taking the cyclotron unit
as 265 in. The effect of the nonlinear driving force on Ar is quite
apparent. For comparison, the Ar produced at this energy by an energy
gain per revolution of 1.6 Mev is 0. 3 inches.

Further work of this kind is now in progress with protons,
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VII. RADIO-FREQUENCY SYSTEM

A. Requirements and Specifications

1. Frequency Range: In order to provide a continuous energy

range, a continuous frequency range is required of the radio-frequency
accelerating system. Since it is possible to use harmonics, that is,
to accelerate particles with the radio frequency at certain multiples of
the ion rotation frequency, the frequency range actually required is
considerably reduced. In the case of 180-deg dees, operation of the
dees in the out-of-phase (or push-pull) mode makes possible the use of
the first and all odd harmonics. Thus, the r-f system need tune only
over a 3:1 range. Use of the in-phase (or push- push) mode on the dees
would allow the even harmonics to accelerate particles and the required
tuning range would be only 2:1. However, this mode is impractical in
many configurations for resonators since it requires high r-f current
connections between the dee stems and liner. Therefore, it is im-
possible to bias the dees to prevent multipactoring, and a more complex
booster oscillator circuit is required.

A 3:1 tuning range with the dees operating in the push-pull mode
appears to be the first choice. The specified range is from 7.5 to
22.5 Mc/s. Operating with the r-f at the third and fifth harmonic of
the orbit frequency would, in effect, bring the lower limit of the frequency

range down to 2.5 and 1.5 Mc/s, respectively.

2. Energy Gain/Turn: The maximum energy gain/turn for this

machine was chosen as 400 kev, see page 60. Thus, with two 180-deg

dees, the dee~to-ground voltage must be 100 kv peak.
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3. Angular Width of Dees and Dee Voltage: The particles gain

the maximum energy in pas sing through a dee, of angular width 0,

if the phase is as shown:

le——— angular center of dee

o /\ time
\A dee voltage

010
—7 |z

1—<—>

Thus, for particles of the same frequency as the r-f, the maximum
voltage gain/dee is Va = 2V sin 0/2; for particles rotating on sub-
harmonics of the dee frequency, the angular width of the dee is n@ to
the particle where n is the order of the sub-harmonic, and the energy
gain is ZVO sin n@/2. It is interesting to note that even a 15-deg wedge
removed from the dee lip would cut the voltage gain/turn of the heavy
(third harmonic) particles by 30%. The choice of 180-deg dees fixes
the dee voltage as 100 kv peak.

4. Dee-to-Liner Separation: The selected value of 100 kv peak

voltage requires about 1.5-in, clearance from dee-to-liner, Fig. 35.
Since the magnetic gap is so precious in a machine of this type, this

minimum value is taken for design.

5. Dee Voltage Standing Wave, Impedance, and Current: In the

lower part of the frequency range, the dee may be treated to sufficient
accuracy as a lumped capacitance. That is to say, the VSW along the
dee is nearly flat at 100 kv peak. However, with the dee geometry
chosen and at the high end of the frequency range, the VSW has been

computed to be

V= 64.5+6.5(r/28) - 2.5(r/28)° - 1.5(x/28)° . . . .,
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where the voltage is in rms kilovolts and r is the distance from the
center of the dee in inches. Thus, a first harmonic exists in the r-f
voltage.

The capacity of the dee is about 700 ppf. The exact value cannot
be known at this time, since the final shape of the dee should be chosen
as the smallest value possible to enclose the orbits. The equilibrium
orbits are known, of course, but the paths of the particles during
deflection are not yet fully known.

For a dee capacity of 730 puf, a figure chasen as an outside limit,
the dee input impedance is given in Fig. 36. The total current to the

dee is plotted on the same figure.

Resonator Design Considerations

1. Quarter-Wave Resonator: To make the system resonant as a

quarter-wave line over the range 7.5 to 22.5 Mc, an inductive stub

must connect from each dee to ground and present an impedance to the
dee equal to the impedance of the dee as shown in Fig. 36. This dee
stem, which extends between the magnet coils, may have a characteristic
impedance of about 20 JL in its location between the coils and, of course,
a much larger value once outside the coils. The input impedance of the
stub is +jZo tan B . Thus, at 22.5 Mc, /J would have to be about

28 inches. This length which, further, neglects the inductance of the
shorting bar is much too short for the stem since it would require the
shorting bar to be between the magnet coils. Since a quarter-wave
resonator is impossible with the 180-deg dees, the system must be

made more complicated.

2. Half-Wave Resonator: The next simplest resonator would be

one-~-half wave length long. That is, the dee stem would be capacitively
loaded at each end; one end would be the dee capacitance, and the other
would be a tuning capacitor. The dee stem for this configuration must
be supported on insulators and the cooling water supplied through r-f
chokes. Since there are insulator commercially available with
maximum compressive stress up to 300,000 psi and good r-f properties,
this type of system might be feasible. Experiments to determine the

heating of the insulators in such a system would be essential.
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The total power to excite a half-wave system, consisting of the
180-deg dee, 18.8- fLdee stem, and a 100-in. 60- JLline outside
the coils terminated in a large variable capacitor, has been computed
as 360 kw for 100 kv dee-to-ground voltage.

In addition to the question about insulators mentioned above, there
is a question about the tuning capacitor because of its large size, wide
range of capacity, and voltage breakdown. Models and further analysis

should answer these questions,

3. Two-Coupled Circuit Resonator: The properties of two-coupled
lumped circuité are shown in Fig. 37; the circuits have two natural
modes of oscillation. In one case the currents are in phase, and in
the second case they are opposite in phase. Thus, considering the
effect of the second circuit back on the first, it is seen that in one
mode the inductive reactance is increased lowering the frequency from
the value when the two circuits are isolated, and in the other mode
the opposite situation occurs. The frequency of resonance is plotted on
Fig. 37 with the ratio of the separate natural frequencies as variable
and k, the coefficient of coupling, as a parameter.

The physical dimensions (dee size and stem length) of the ORIC
are such that the dee and stems can form one circuit with a resonant
frequency about 10 Mc. It is possible to tune this circuit over but a
small range. The second circuit can then be inductively coupled to the
dee stems. Since this second circuit can be located outside the magnet,
it can be made large with a very high Q.

Two variations of this circuit are being considered. The first,
chosen largely for mechanical reasons, has a fixed mutual inductance
between the two circuits as shown in Fig. 38. The disadvantages of
this circuit are that a wide tuning range is required of the tuned circuit
and that is impossible to tune to frequencies close to the natural
frequency of the fixed (dee) circuit. Thus, since the dee-circuit
frequency is within the required frequency range, a dead band would
occur. A greater disadvantage is that to obtain maximum frequency

range, the inductance as well as capacity must be variable; this
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requires a movable shorting bar as shown in the modification of

Fig. 39. The current density required at the shorting clamp exceeds
that of present designs by a factor of two to three. Computation
indicates the power into this system would be about 500 kw.

The second variation of the two-coupled circuit scheme involves
variable mutual inductance as shown in Fig. 40.along with variable
frequency of the tuned circuit. This arrangement requires that the dee
circuit be driven if the system is to be tuned to all frequencies in the
band specified since the mutual inductance must go to zero. A model
is being constructed to measure the properties of this system.
Unfortunately, there is no reason to expect the maximum driving power
to be any less than that required in the first variation described,

500 kw. However, there are no current carrying joints which would

have to be movable and there are tubes readily available for service

at this power level.
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VIII. ENGINEERING STUDIES AND DESIGN FEATURES

Engineering studies have been completed for the ORIC magnet and
its design is essentially complete except for details of the pole tips
and auxiliary coils. Preliminary design studies have been made for
the resonant system, vacuum system, and ion source. Each of these

components is discussed below,
Magnet

The specifications for a cyclotron magnet involve relations be-
tween many dependent parameters. It is necessary, therefore, to
make both successive approximations and compromises in the prepara-
tion of firm specifications. The process of selecting the specifications
involves the determination of the following parameters: 1) basic
criteria, 2) ampere-turns, 3) operating power, 4) choice of conductor
material, 5) specification of conductor material, 6) coil design, 7) yoke
specifications, 8) yoke design, and 9) the design of auxiliary coils for

the AVF feature of the ORIC.

Design Criteria

The basic design criteria for a cyclotron magnet evolves from a
consideration of the H(.; and beam aperture required for the transmis-
sion of the desired ion currents to a given maximum energy. These
criteria are usually selected by a suitable compromise between desired
maximum energies and currents and those obtainable practically, at a
reasonable cost. The design latitude of the ORIC magnet was slightly,
but not seriously, restricted by the availability and usefulness of
existing equipment obtained for an earlier machine. Thus, after a
review of previous calculations and model work, an energy of 75 Mev
for protons, a maximum beam radius of 31.51in., a pole diameter of

76 in., and a minimum gap of 7.5 in. were chosen. A horizontal

section through the magnet is shown in Fig. 41.
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Ampere-Turns

The number of ampere-turns required to obtain the magnetic
field specified by the basic criteria was determined by model
magnet measurements. First, an estimate of the ampere-turns was
obtained by assuming a magnet with an efficiency of 60% and substi-

tuting in the relationship

2.02Hg

"Y(

where NI is the ampere-turns, H the magnetic field strength in

NI

kilogauss, g the magnetic gap in inches, and Vz the efficiency.

With this estimate, a 1/8. 69 scale model was constructed for use
in investigating field shapes and for determining a reliable value for
ampere-turns. The value obtained was 1. 09 x 106 ampere-turns at
an efficiency of 52.4%. This value was adjusted for possible errors,
which were all assumed to be in the direction to increase the ampere-

turns required, as follows:

% As % of
Items As Estimated Total Current

Iron (n) 1.5 1.0
Current measurement error 0.2 0.2
Winding end effects 0.1 0.1
Dimensional errors of model lto2.0 6.0
Field measurement errors 1.0 3.0
Contingencies 1.0 3.0

13.39%

After this 13% adjustment for errors the value for use in subsequent

calculations became 1. 23 x 106 ampere-turns.

Power Level

The operating power level for the magnet was selected to provide
the minimum-cost magnet that meets the basic criteria. The choice
of operating power level is related to the amortization time of initial

costs. This time was arbitrarily chosen as 10 years, and a range of
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practical power levels was selected. The initial cost plus cost of
operation for 10 years was then calculated for each of the various
power levels until a minimum cost design was found. The initial cost
estimates did not have a high degree of accuracy; however, the
estimated cost passed through a broad minimum. In this manner the

power level was established at approximately 1000 kw.

Conductor Material

For practical reasons the only suitable conductor materials are
copper and aluminum. A choice between these two materials becomes a
matter of cost and reliability. To the first approximation, in magnets
of the same power and ampere-turns, the ratio of the aluminum to
copper weight is 0. 5; this follows directly from the ratios of density and
conductivity.

This rough approximation would require copper to cost half as
much per ton as aluminum to be competitive. Of course, other factors
were considered. The use of aluminum would require more yoke steel
because of the larger coils. For a magnet the size of the ORIC
(200 tons) this would amount to an increase of 10 tons or an approximate
cost of $4400. 00, Also, because of the greater volume of aluminum,
the coil windings are displaced radially outward where they are
magnetically less effective.

In making a choice of these conductor materials several studies
were made of various coil and yoke configurations operating at
different current densities and power levels. Complete magnets with
both copper and aluminum were calculated for several cases of interest.
At the market price for these metals at the time these studies were
made, a substantial saving was indicated for aluminum.

A rating of reliability of the two conductor materials could only be
estimated for particular designs. A possible difficulty with aluminum
would result from corrosion or deposits in the cooling water passage.
Difficulty with copper would be most likely to occur in connection with
the several hundred brazed joints. These joints are necessitated by
the limitation in copper extrusion technology needed to produce long
length conductors at practical costs. In view of all these considerations

aluminum was chosen for the conductor material.




Conductor Corrosion Test

Since an adequate degree of reliability of aluminum had been
assumed, it was felt that a test for corrosion and deposit under oper-
ating conditions would be desirable.

Test sections of aluminum were obtained from Aluminium
Limited Sales, Inc. The test was made in the water system used in
cooling the r-f components of the ORNL 86-Inch Cyclotron, Two test
pieces of Al conductor 24-in. long were separated from ground and from
each other by 30-in. lengths of rubber hose. The unit was inserted in
the circulating water system of the cyclotron in which the water is
demineralized and filtered but not deaerated. The total capacity of the
system is 15,000 gal, and the make-up is supplied by a central demin-
eralization plant. Analysis of the water in the system showed a pH of 7,
small amounts of carbonates, and approximately 4.2 mg of solids/liter
of solution. The latter is in collodial suspension and gives the water a
brown color. The total iron content was 3.3 ppm with 0.3 ppm of iron
dissolved. The conductivity of the water was 6.5 x 10"~ mhos per cm3,,
The piping in the system contains seamless mild steel pipe, admiralty
brass tubes in the heat exchangers, copper tubing, and a small amount
of aluminum in the cyclotron deflector. The average summer tempera-
ture of the water is 75°F; the average winter temperature is not avail-
able but can be presumed to be in the vicinity of 34-40°F. A conductivity
of 9 x 10-6 mhos per cm3 was obtained from the demineralizing plant on
August 29, 1958,

A simulated operating potential was applied to the test sections,
with one piece of aluminum conductor at 175 volts positive and the
other piece at 175 volts negative to ground. Upon termination of the
test after 6,900 hours, it was found that the specimen at negative
potential had gained 5g (0. 57%) and the positive 3g (0.34%). There was
more depositat the ends of the negative section; this was a relative
loose material. There was very little pitting at the tips of the negative
section; pitting at the tips of the positive section was heavier, averaging

about 60 mils. As would be expected, the heaviest deposits and deepest




-110-

corrosion occurred at the ends of the specimens facing one another
where the effective potential was 350 volts. All significant changes in
the aluminum test sections appeared within 0.5 in. of the ends; there
was only a very thin layer of brown deposit beyond the ends.

The test was reassuring in that it indicated that no serious prob-
lems would be encountered in using aluminum conductors with a
demineralized water system. A replaceable inspection section should
be provided, however, at the entrance and exit of each strand of

conductor.

Specifications for Aluminum Conductor

The specifications for the aluminum conductor were as follows:

The material is to be EC (Electrical Conductivity)
aluminum, ASTMBO0236-56T, each strand (1170 {t) to be one
continuous extrusion from one or more billets. .

The tensile strength is to be adequate to meet a
hydraulic pressure test of 300 psi, the outside dimensions
not to exceed the required tolerance of £0. 010 in. during
the test. '

The cross section of the conductor to be 1.137 £ 0. 010 in.
square, with the radius of corners not to exceed 3/64 in.,
and with a center hole of 0.700 = 0,010 in. diameter. The
maximum allowable eccentricity to be 0.0218 in., with the
wall no thinner than 0. 186 in, at any point.

A piece removed from each end of the conductor in the
1/4-hard maximum temper at shipment to be capable of
being bent cold 90 deg around a 2. 5-in. radius mandrel
without cracking. Buckling, distortion, and the reduction in
area of the 0, 7-in. dia opening to be considered within
tolerance if the buckling is undetectable by eye, if the bending
decreases the outside edge by no more than 10%,and if the
area of the 0. 7~in, diameter opening is decreased by no
more than 10%. (This test was made to determine the properties
of the aluminum; the conductor would not be subjected to this
extreme bending).

A chemical analysis was not requested; however, an analysis .

furnished with the conductor gave the following: Cu 0.007, Fe 0.29,

Mn 0.003, Si 0.08, Ti 0.004, VvV 0.010, B 0.003, and Ga 0.017,

all in percent. All specifications were satisfactorily within tolerances.
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Magnet Coil Design

The main coils are designed with eight water and eight electric
circuits each. Each circuit is a single conductor strand, 1170 ft
long, wound as a double pancake so all connections are external to the
coil. The double pancake coils were designed to have a resistance of
0.017 ohms at the terminals. These coil pancakes are appropriately
connected across the magnetic gap to insure symmetrical currents on
each side of the gap. The connections result in a total resistance of
0.07 ohms. This value was selected so that existing motor generators
could be used if desired.

The coil insulation planned is 0.125-in. thick sheet stock axially
and 0.0625-in. ribbon radially. This insulation and the water passage
results in a form factor of 0.60. The pancake coils are securely
mounted in a coil case and the entire assembly bolted to the yoke of
. the magnet.

Some of the characteristics of the coils are given below:

Total power 1034 kw
Ampere-turns 1.23 x 106
Total current 3838 amps
Current density 2113 amps/in2
Total turns 640

Form factor 0.60
Turns, axial/coil 16

Turns, radial/coil 20

Total resistance 0.07 ohms
Coolant AP 166 1b /in®
Inlet temp, max 100°F
Coolant, AT 60°F
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Magnet Steel Specifications

Specification of a magnet yoke includes the steel composition,
the yoke structure, and the fabrication procedure.

A most important and difficult specification to determine is the
composition of the steel. Several types of high permeability alloy
steels were considered. Most of the superior steel alloys do not main-
tain their superiority of relatively high permeability at magnetic fields
above 20,000 gauss. The best alloys have objectionable components for
a high neutron flux (e.g. cobalt) and give rather little gain in magnetic
field at large costs. The choice made in this case was low carbon steel.
The precise content of carbon and impurities was a compromise to per-
mit feasibility of forging (see below); however the adverse effects due
to the compromises are small. At high magnetic fields the effect of
low impurities on the permeability of steel is small, and some investi-
gations have found the level of carbon at low values to be completely
negligible.

In the ORIC model magnet, with a permeability of approximately
90, it is estimated that a 1% decrease in permeability would result
in a decrease of 0.21% in flux in the magnetic gap.

A steel known as Cyclotron Analysis Steel was chosen. It has the

following composition:

% Max
C 0.15
Mn 0.50
P 0.04
S 0.05
Si 0. 20
Ni 0.08
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A comparison was made of yoke structures fabricated of forgings
and of laminations. To help make this comparison, the total mag-
netic and vacuum loads were calculated. The results indicated a
magneticload of 1,055,000 1b and a vacuum load of 60,000 1b could be
expected. This range of forces made laminations unattractive, since
in order to obtain a high moment of inertia for a laminated beam the
yoke became either inefficient or costly.

The following fabrication procedure was specified:

The material to be open hearth killed steel with both
pole bases from a single heat and with the two ingots of the
same size and shape and forged in the same manner.

Sufficient discard to be made from each ingot to
secure ireedom from piping and undue segregation, and
the forgings to be made from ingots having at least two
times the cross sectional area. All sections to be ultra-
sonic tested.

All mating surfaces to be machined to a finish of
125 micro-inches, and all other surfaces to 250 micro-inches.

The mating surfaces of pole bases and yoke pieces to be
planes within 0, 005 in. T.I.R. and parallel to within 0. 005 in.,
as measured around the periphery.

The finished magnet forgings satisfactorily met these specifi-

cations. The chemical check analysis of the steel, well within our

specifications, was:

%o
C 0.110
Mn 0.330
P 0.010
S 0.030
Si 0.015
Ni 0. 060
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Yoke Design

The magnet is of a conventional closed-yoke design with a 1/1
ratio of pole base cross section to yoke cross section. The finished
magnet, less coils, weighs approximately 200 tons and is 180 in. high
with base dimensions of 113 x 113 in. The four 20-in. thick yoke

pieces are bolted together with through bolts.

Pole Tip Windings

The magnet will have three sets of coils other than the main coils,
Fig. 42. They are the AVF valley coils, the pole-face circular trim-
ming coils, and the harmonic coils. The valley coils will be water-
cooled copper, enclosed in vacuum tight stainless steel cans and
mounted in the valleys of the pole tips. (The choice of copper conduc-
tors for these coils was made because of space limitations). The
valley coils will oppose the existing magnetic field in the valleys,
thereby increasing the magnetic field ratio between hill and valley,
thus increasing the axial focusing forces on the ions.

The pole-face circular trimming coils will be water-cooled copper
windings mounted on the face of each pole. Each complete coil will
consist of a set of 10 concentric helical coils one conductor thick.
These coils will be used to obtain the isochronous field for various
ions and to provide for some control over the magnetic median plane.

The harmonic coils will be small water-cooled coils placed in
the valleys, on the gap side of the AVF valley coils. Three coils per
valley will be used to compensate for any asymmetry of the ion center

in the central region or near the exit radius.
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Fig. 42. Exploded View of a Pole Tip with Coils.
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Resonant System

Only preliminary studies have been made concerning the mechanical
design of the resonant system. Some consideration has been given,
however, to the type of water-cooled surfaces. Tube-in-sheet type
water cooled aluminum was considered, but r-f power losses ruled out
aluminum. Tube-in-sheet copper was investigated; preliminary
studies indicate that the difficulty of joining the tubes to headers and
external circuits may offset the obvious advantages of this method.

Further investigation is planned.

Vacuum System

The vacuum tank will be constructed of stainless steel with 76-in.
dia, 4-in. thick magnetic steel inserts to maintain magnetic continuity
of the pole bases. The total vacuum volume, including vacuum tank,
dee stem house and diffusion pump manifold will be 700 ft3.

The diffusion pumps will be mounted from the dee stem house
since it comprises a large portion of the vacuum volume. The
vacuum pumping system will probably include refrigerated cold traps,

oil diffusion pumps with retrigerated baffles, and Rootes blowers

backed with Kinney pumps.

The Ion Source

The ion source for the ORIC will be the hot cathode type now
used for the ORNL 63-Inch Heavy Particle Cyclotron and the ORNL
86-Inch Cyclotron. Ion species higher than plus 4 (for nitrogen) have
not yet been measured due to lack of resolving power. However, the

ion currents obtained for N3+ and N4+

, 10 ma and 2,6 ma,
respectively, lead one to expect satisfactory results for high order
species. A new test system is planned to search for the higher ion
states, although the basic cyclotron design does not depend on them.
The proton currents obtained from the 86-Inch Cyclotron, 3 ma at

23 Mev, indicate fully adequate beam current for low-mass ions,
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IX. EXPERIMENTAL FACILITIES

The design of the shielding and the experimental layout requires
a reliable estimate of neutron yield. The shielding thickness deter-
mined by the fast neutron flux is more than adequate to reduce the
thermal neutron and gamma ray flux to a safe level. The experimental
data of Crandall and Milburn(l) indicate a yield of about one neutron
for four 75-Mev protons hitting a thick target of high atomic number.
Thus, a one-milliampere beam of 75-Mev protons would produce a
point source of 1015 neutrons per second.,

The most practical shield, in view of cost and general utility, is
ordinary concrete. The thickness of such concrete to reduce fast fis-
sion spectrum neutrons to one tenth the intensity is 10. 6 inches. If we
assume that the effective neutron source is 20 ft from the shielding
wall, the flux is 2.5 x 10’ neutrons /cmz—sec. A T-tt thick concrete
wall will reduce the flux to 25 neutrons/cmz-sec; this is within the
allowed level.

There are several assumptions made which in certain unfavorable
cases could increase the radiation level. For example, the distri-
bution of neutrons from a target will not be isotropic but peaked in
the forward direction. Furthermore, the energy spectrum will
certainly contain neutrons of higher energy than fission neutrons, and
the effective source (where the cyclotron beam is stopped) may be
closer to the wall than 20 feet. In these cases, it will be easier and
more practical to place small quantities of additional shielding in the
vicinity of the target. For local shielding it would be possible to use
special shields of more complicated construction, such as layers of
iron and concrete, for those cases where an unusually high yield of
neutrons is involved. Since for many applications the beam power
will be lower or the particles used will produce a much smaller
neutron yield, the occasional need of assembling a one or two foot

thick shield around the target will not be a serious disadvantage.

(1) ycrL-4931
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It is clear that, with the very massive walls required to keep the .
radiation level safe and with the varied and complex type of experi-
ments to be done with the ORIC, the experimental facilities must be g
carefully planned to provide for efficient use of the machine. Ever
increasing demands are made on the experimental nuclear physicist
which involve both higher precision and the measurement of more
complicated phenomena. Itis essential that one have enough time to
set up and thoroughly test the apparatus before taking data. Since
the equipment may include such items as 20-ton analyzing magnets,
6.-ft dia scattering chambers, and complicated electronics, this testing
must be done in the same room and position where the actual data
will be taken. At least two separate rooms are needed so that while
data is being taken in one room, the radiation level is low enough in
the other room to permit the preparation of apparatus for the next
experiment. The plan for the shielding structure, Fig. 43, provides
for two experimental areas in addition to the cyclotron room.

The external beam of the cyclotron passes through a magnetic
quadrupole lens for focusing and then through a beam switching magnet.
The cyclotron operator can, by adjusting the field of the switching
magnet, direct the beam to any one of several places in experimental
Area II. It is desirable to keep the holes through the concrete wall
small to minimize leakage of radiation trom the cyclotron. A slot in
the concrete to pass several 3-in. evacuated pipes will allow adjust-
ment so that the beam can be directed to the several different experi-
mental setups. The slot in the concrete can be filled with water or
blocks. If the pipes do not point in the direction of a source of radiation,
it should be safe to work in the room while experiments are being done
in Area I. Area II is large enough that it can be partitioned into two
rooms by adding a shielding wall at small cost, if the demand for ex-
perimental facilities requires it. The magnet for switching the beam
will also have sufficient energy resolution for it to be used to deter-
mine the energy and the energy spread of the beam. Experiments
which do not require high-energy resolution, such as statistical .
theories of nuclear behavior, production of transuranic and new
isotopes, polarization scattering effects, and cross-section measure-

ments can well be done in Area II.
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For certain types of experiments a high energy resolution is
necessary. The density of energy levels increases with excitation
energy and atomic weight of the target. Furthermore, the number of
nuclear reactions leading to different outgoing particles increases
rapidly. One needs high energy resolution for two reasons. One is to
be able to resolve discrete levels or, if the level density is too great,
at least be able to examine fine structure in the spectrum. The second
reason is that one can usually distinguish the outgoing particle, and
quite often the mass of the recoil nucleus, by measuring the energy of
the outgoing particle as a function of angle of scattering. The energy
depends on the mass, and sufficient precision of measurement is then a
valuable tool. In addition to precise magnetic analysis of the beam
striking the target and of the outgoing charged particles from the target,
an increasingly useful technique is time of flight. This requires a large
room, both in order to have sufficient time intervals and to reduce
background produced by radiation scattered from the walls. .
Experimental Area I is designed to meet these requirements.

Two large analyzing magnets have been designed with a dispersive
power of 20 kev per millimeter for 75-Mev protons. To limit the
physical size to a reasonable value they have nonuniform, double-
focusing fields with —rﬁ- %rg = 1/2. The problem of shaping the mag-
netic field is small compared with the doubling in size required to
obtain the same dispersive power with a uniform field magnet. By
using slits one millimeter wide and a thin target, an energy resolution
of 50 kev for 75-Mev protons becomes possible. Where less resolution
is adequate, the slits can be increased, a thicker target used, and a
larger solid angle of detection is possible, reducing by a major factor

the time needed to get adequate statistics. One can thus adjust to

optimum value the amount of beam, energy, and energy spread of the

beam.
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If a large amount of beam were to be stopped by slits placed in
Area I, the background would be very high. Furthermore, one
needs thick slits to stop 75-Mev protons. If the thickness of the slit
is greater than the slit opening, an appreciable fraction of the beam
will be scattered by the slit edges and strike the target if it is close
to the slit. The slit is placed, therefore, inside the cyclotron
enclosure, and a magnetic quadrupole lens is used to focus the desired
beam through the slits onto a target placed in the center of Area I.
A second magnetic analyzer similar to the previous one is used to
analyze the outgoing charged particles from the target. This analyzer
can be rotated about the target to cover an angular range of 160 deg
in the laboratory system. To reduce background further, provision is
made for a quadrupole lens to focus the beam which passes through the
target into a shielded area in the wall. Area I is quite large to permit
. time-of-ilight measurements and double-scattering experiments and

to accomodate large and complex apparatus under conditions of

minimum background and controlled energy conditions.
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