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ABSTRACT

This thesls describes the successful extraction of the
full energy proton beam from the McGill synchrocyclotron.
Extraction was achieved by 1lncreasing the radial separation
for the last few orbits by the process of non-linear regenerative
magnetic deflection, and then leading the last orbit into a
magnetic channel.

Design and installation of the magnetic regenerator and
the magnetic channel are described in the main body of this
thesis, and theoretical development of the design criteria 1is
given in the appendix.

The extracted beam has been focused to a spot 1.3 x 4.8 mm
with a divergence of 1° at a position 15 feet from the channel
exit. It has a pulsed time structure consisting of 15 x 10"6 sec.
bursts repeated 400 times per second, and an average intensity

of 4 x 10~° amperes.
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Introduction

This sectlion of the thesis describes the design and
installation of a2 magnetic extraction system for the McGill
82 inch synchrocyclotron. This machine, which-accelerates
protons to & little less than 100 Mev, was primarily intended
for the production of neutron deficient radiocactive nuclel.
These can be produced by (p,xn) reactions in targets placed
inside the machine to intercept the internal beam. The reasons
for installing the extraction system, and the reasons for
deciding on the type chosen, are outlined in this introduction.

When the McG1ill synchrocyclotron was first put into
operation (about 1950) there was little information on radio-
active nuclel. With the proton energy avallable in the machine,
(p,xn) reactions on stable nucleil could be used to produce many
radiocactive nuclel for the first time. Although synchrocyclotrons
have a much lower beam intensity than fixed frequency cyclotrons,
they have other advantages. Thelr higher energy protons can
produce radioactive nuclel that the fixed freguency cyclotrons
cannot. Furthermore, the single dee system permits target
bombardment at almost any radius inside the machine and so the
energy of the reaction protons may be very easily selected.
The ¥McGill machine was therefore very useful in obtalining nuclear
data which helped in the building up of systematics of the
nuclei. About 40 new isotopes were produced in the machine

and many isomerlc states were also dliscovered. Decay schemes

have been proposed for most of these and for a great many others.
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However, for the hlgher energy synchrocyclotrons put
into operation at the same tlime, the most exciting work was
in the filelds of nucleon~nucleon scattering, nucleun-nucleus
scattering and the production of pions. (For a discussion of
the relative merlts of cyclotrons and synchrocyclotrons at this
time, see Livingston (1952)). The difficulties of doing such
work in the internal beam of a synchrocyclotron were over-
whelming and so there was a great demand for external beams
from these machines. In fact the development of magnetic extraction
systems centered around these larger machines. With the external
beams of these larger machines and, later, with the even higher
energy external beams of the proton synchrotrons, nucleon-
nucleon scattering experliments have been carried out over a
wide range of energies. Along with hlgh energy electron
scattering experiments on nucleons and with systematics of
nuclei, these experiments have led to a falrly good phenomen-
ological plcture of some aspects of the nuclear force. For
example, by assuming velocity independent nuclear forces, a
potential function may be devised to fit the scattering data
fairly well. At the same time theorles of nuclear forces are

making progress 1n high energy particle physics. For a good

review of most of the present knowledge of the two nucleon
interaction see Phillips (1959).

With the development of nuclear physlecs along these
two fronts in the past 12 years, an external beam from a
smaller machine has become much more desirable. By now,
many body calculations are belng performed using the phenomen-

ological two-nucleon potentials. (For an introduction to the
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methods employed see Eden (1959)). However, so far, these
calculatlions have not given the correct values for even the
systematics of nuclear density and binding energy (Brueckner
1961). It is a distinct possibility that the assumption of
velocity independence of nuclear forces 1s incorrect. If
this is the case, then there 1is an infinity of velocity
dependent potential functions which will fit the two-nucleon
scattering data. In principle, this indeterminacy can be
reduced by requiring that the velocity dependent potential
functions also explalin the systematics of nuclel when applied
to the many body problem. The systematics of nuclel and the
detalls of nuclear structure, combined with the two nucleon
scattering results, are therefore a much more stringent test
of theorles of nuclear forces than are the two nucleon scattering
results alone.

It 1s therefore of prime interest to abtain such
information about nuclel as can be used dlrectly to help
formulate and to test many body calculations of nuclear structure.
At the moment this type of information appears to be that
concerning the nuclear density distribution, nuclear blnding
energies, momentum distribution of the nucleons (particularly
in the nuclear surface), the surface properties of nuclel and
the collective motions of the nucleons (Pelerls 1960). Much
of this information may stlll be obtained from accurate analyses
of decay schemes of radloactive nuclei, but a great deal could
also come from investigation of nucleon-nucleus reactions in

the medium energy range.
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Use of the internal beam of a synchrocyclotron 1s
limited to the production of radiocactivities of which the
half-11ife 1s long enough to permit extraction of the target.
This 18 because the setting up of experimental apparatus
around a target inside the machine 1s 1nhibited by the high
magnetic fleld, the necessity of preserving the high vacuum,
the proximity of the pole tips of the cyclotron, and the
proximity of the clrculating beam which has not reached the
target.

On the other hand, beam extraction from cyclic machines
is generally a difficult problem. It was not until 1955 that
the first successful magnetic extraction system was obtalned
for a synchrocyclotron (Crewe and Gregory (1955) at the
University of Liverpool). The difficulty arises simply from
the radial stability of the particle motion. The stable motion
of the particle 1s a circle and particles only slightly
deflected from this circle will curl back into the machine.
For a partlcle to spirasl out of the machine lts motion has to
become radially unstable.

This condition 1is met 1f a slight deflectlion outward
from 1ts equllibrlum orbit brings the proton into a reglon
where Br 1s less than the magnetic rigidity of the partlcle,

i.e. where its radius of curvature is greater than its distance

from the center of the machine. This implies that 4(Br)/dr

18 negative for r equal to or greater than r, the radius of

the equilibrium orbit. (Br is the value of the magnetic

field of the machine multiplied by the distance of the particles

from the center of the machine).
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The varilation of Br with r in the MeGill synchrocyclotron
is shown in Figure 9, Chapter 3. If the particles in a cyclotron
could be accelerated to a radius where the value of Br is a
maximum, them radial instability would naturally occur and
the particles would spiral out of the machine. At this radius
d(Br)/dr = 0 or n 2 -(r/B)dB/dr = 1 and the beam extraction
based on this principle is called "beam extraction at n = 1",
However, 1in the interior of synchrocyclotrons the value of
n is about 0.05 and, unfortunately, as n increases several
severg resonances between radial and vertical oscillations
occur., To prevent the energy of the radial oscillations from
"exploding" the beam vertically, the energy of the radial
oscillations must be minimized., This may be accomplished
only by extreme azimuthal uniformity of the magnetic field.
However, with sufficlient care, it 1is possible to accélerate
most of the particles to the radius at which n = 1. A very
good extraction system based on this principle 1s used in the
160 cm fixed-frequency cyclotron-synchrocyclotron at the
Institute for Nuclear Research at Tokyo (Suwa et. al. 1959).

However with most synchrocyclotrons the protons cannot
be accelerated through the resonance which occurs at n = 0.2.

In the McGill machine 1t is seen from Flgure 9 that the value

of n breaks sharply upward from 0.05 at a radius of about 36
inches. It would therefore seem that to obtain maximum extracted
proton energy without danger of losing beam at the n = 0.2
resonance, the beam should be extracted from this radius.

However, protons orbiting at this radius have a magnetic rigidity
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which 1s less than Br for any outward deflection less than
about % inches (See Figure 9). For deflections exceeding
3 inches the protons will spiral naturally out of the machine.

This magnitude of deflection 1s impractical but if a
region of sufficlently reduced magnetic field can be set up
in the machine, then the partlcles need only be deflected into
this reglion for them to spiral out. Such a region wlll exist
inside a magnetic channel with sufficlently thick verticsal
iron walls. The proton deflection system then need only deflect
the protons into this channel.

At first electrostatic deflectors were tried for
synchrocyclotrons. Electrostatic deflection is relatively easy
for fixed-frequency cyclotrons but for synchrocyclotrons 1is
much more difficult because of the higher particle momentum
and the much smaller radial separation between orbits. To
achieve electric field deflection in the Berkeley 184 inch
synchrocyclotron, 2 pulsed deflector had to be used (Fremlin
and Gooden 1950). For an investigation of an electrostatic
deflector for the MeGill cyclotron see Hone (1951).

Coulomb scattering by a heavy nucleus such as uranium
is a much sippler means of deflecting protons in a synchro-
cyclotron into a magnetic channel. However, the yleld of
protons in a reasonable solld angle for a magnetic channel! is
very low (about 1 part in 104 of the internal beam at best).
The fact that such systems were consldered worthwhile under-
scores the desirability of an external beam. (For a description
of the scattering extraction system of the McGill cyclotron
see Kirkaldy (1953)). |
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The early demand for good external proton beams from
the high energy synchrocyclotrons led to the development of
a magnetic extraction system that did not require extreme
azimuthal uniformity of magnetic field, that d4id not require
the complex circultry of the pulsed electrostatic deflector,
and that was capable of producing a much more intense external
beam than the scattering system. This system is based on a
deflection of the internsl beam by a coherent regeneratlve
bulld up of the radlal oscillations.

The principle of regenerative deflection was first
suggested by Tuck and Teng (1950) at the University of Chicago
but the development work was carried out by Le Couteur and
his co~-workers at the University of Liverpool (Le Couteur (1951,
1953,1955), Le Couteur and Lipton (1955) and Crewe and Gregory
(1955)). Regenerative extraction systems have been installed
in synchrocyclotrons at the University of Liverpool (Crewe and
Gregory (1955)), the University of Chicago (Crewe and Kruse
- (1956)), Harvard University (Calame et. al. (1957)), at Beunos
Alres (Mayo et. al. (1958)) and at Orsay (Verster (1959)).

In 1960 it was declded that a magnetic extraction system
of the non-llinear regenerative type should be installed 1n the
McGill synchrocyclotron. From the performance of systems
already in existence, it was felt that about 1% of the internal
beam current, or an average beam current of about 10"8 ampere,
with an energy of a little less than 100 Mev, could be obtained.
This beam would be made up of bursts of about 1.5 x 108 protons
in about 20 x 10"6 seconds, with a repétition rate of 400 per

second.



CHAPTER 2
THE REGENERATIVE DEFLECTION SYSTEM
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The Regeneratlive Deflection System

A sustalned beam of particles in a cyclotron must have
orbital stability in both radial and vertical directions.
The equllibrium orbits of particles in a cyclotron which has
symmetry about the medlan plane of 1its pole gap and azimuthal
uniformity of magnetic field, are circles in the median plane,
concentric with the axls of the machine. The radius r, of these
circles 18 determined by the momentum of the particles. For
stabllity, particles whose orbits deviate slightly from these
circles must undergo oscillatlons in the vertical direction
about the median plane, and in the radial direction about r,.
For clrcular machines it ie customary to express the frequency
of these oscillatlions as a multiple of the orbital frequency
of the equilibrium orbit. The frequencies then become dimension=-
less and particle velocities may be expressed as derivatives
with respect to azimuthal angle rather than time.

Reasonably constrained particle motion requires that
there be no osclilllatory forces on the particle which are sym-
pathetlc to the radial or vertical oscillations. These osclllat-
ory forces may be considered to be external (electrical forces
from the dee system with a frequency 1), or internal such as
resulting from a magnetic coupling of the modes of oscillation.
In the case of internal coupling, the radial oscillation
generally contalns about 50 times as much energy as thqyertical
oscillation and so if the two become sympathetic (frequencies
become related by some small integer), then the energy transferred
from the radial motion to the vertical motlon will cause the

beam to explode vertically.
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The condition for radial stabllity (n«&l) has already
been discussed in the Introduction. PFor vertical stabllity
n must have a value greater than zero. The exlstence of a
'negative field gradient means that the field lines will be

curved as shown in the sketch below.

A positively charged particle with displacement z fro -
the medlian plane and velocity r8 perpendicular to the plane
anrd toewards reader

of the sketch) will experience a restoring force toward the

medlan plane egual to

F = eréBr .

(Br 18 negative for positive z and positive for negative z).
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To first order, the radlal component of magnetlc field

is given by

B, = (%%lz

which, since ¥ x B= Q becomes

B = (?%)

o

where(ggﬂ 1s the field gradient in the median plane.
r

o

The vertical motion of tne particle is then described by

2

dz | e 428

412 = mre(ar )oz
- 2 /r 3B
= e (Ea_r)oz

which leads to

2

d“z r 3B

== = [ = — =-nz

dg? (Barlz

The vertical oscillatlion frequency 1in units of orbital
freguency 1is then n%. The more thorough analysis given in
Appendix A shows that the radial oscillation frequency 1s (1-n)%.
A practical value of n is about 0.05. Thls value should be
mainteined as evenly as possible out to the fringing field
region of the cyclotron, where n lncreases since the field drops

off much more rapidly. As n increases, the first serious

resonance between radlial and vertical oscillations occurs when
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the radlel frecuency 1s exactly twice the vertical freguency.
This 1s the well known n = 0.2 point where, unless the radial
oscillations are very small, the magnetic coupling of tne
radial oscillations to the vertical oscillatione will cause
the beam to blow up vertically. The two modes of oscillation
are coupled through higher radial derivatives of the magnetic
field (see aAppendix A).

To understand how a proton may bte extracted from a
synchrocyclotron before its orbit reaches the n = 0.2 radius
it is not necessary to investigate how it got there. Therefore
the principle of phase stabllity and how the proton gets its
energy from the dee system will not be discussed here. It is
sufficient to realize th t the energy of the proton increases
with time so that its orbital freguency matches that of the
alternating voltage on the dees. The rate of change of the
dee freguency of the McGlll machine 1s such that at the maximum
radius, the energy gain per orbit is about 7 Kev. Averaged
over radial oscillations, the radial increase per orbit 1is then
about 0.0015 inches. This increase 1s 1ndlicated by the dotted

line in the sketch below. dr
<«——— 50 ORBITS —>4 4N = 0-033IN

° f | _-sLope =0.00i5N
=

455 (EXAGGERATED)

- —
— —
—
-— —

NUMBER OF ORBITS —
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However because of radial oscillations, the radial
position of a particle at a glven azimuth may change much
more than this in one orbit. Consider a particle which has
a radial oscillation frequency L of 0.98 and amplitude of
radial oscillation of 0.5 inch. The precession frequency of
its orbit center is 1- 2, = 0,02. Its radial position at a
given azimuth, as a function of orblt number 1is shown 1in the
sketch.

This particular particle will have its maximum possible

if it Just fell short of r_ on

radlial gain per orbit at r o

o
its previous maximum precessional swing. As indicated in the
sketch, this radial gain will be approximately 0.033 inches

per orbit or about 20 times the radlal gain due to the expansion
of the orblt from the energy gain.

Even this however 1s much too small to permit beam
extraction by capturing between successive orbits and, of
course, particles with radlal oscillations of amplitude less
than 0.5 1inches and different phase of precession will have
even smaller radlal gain per orbit at r,. The average gailn
per orbit for particles reaching r, for the first time willl
be of the order of 0,01 inches.

The regenerative deflection of a proton beam is based .
on a regenerative expansion of the separation between success;:ZT.
(By regenerative it is meant that the rate of growth of the
separation depends on the separation). This 1s accomplished
by introducing segments of fleld gradient in regions of the

machine 1n such a way as to hold the radilal frequency at the

orbital frequency. The precessional frequency of the orbit



(13)

center 1s now zero and increasing the amplitude of the radial
osclllation moves the center of the particle orbit radizlly
outward from the center of the machine.

Energy from the orbital motion can now be transferred
sympathetically to the radlal motion. This energy increases
the amplitude of the radlal oscillation. A simple means of

achelving this energy transfer is shown in the sketch below.

PEELER REGION "A" REGENERATOR REGION "B"

In region A the fleld 1s decreasing linearly with radius
and in region B it 1s 1ncreasing linearly with radius. When

the protons enter the peeler region A for the first time, their
paths are stralghtened slightly so they enter the regenerator

region B at some larger radius. The higher field in this region
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curls them b=ck into the machine but they enter A for the
second time with some net radial gain. The field gradients
in A and B may be adjusted to satisfy the two conditions of
proper phzse in the radial motion and necessary radial gain.
Careful design can achleve reasonable values of radial gain per
orbit while still mainteining vertical stability. This system
is called a peeler-regenerator or a linear regenerative
deflection system (Le Couteur 1951) and is the type that was
installed in the Liverpool 156 inch synchrocyclotron (Crewe
and Gregory 1955).

In this linear regenerative system the radial oscillation
amplitude increases exponentlally. If this increase is continued,
the radlal separation between orbits becomes sufflcient for
the partlicles to enter a magnetic channel. Considering the
radius at which the particle first enters the deflection system
as r,, and expressing the radial displad@ent as p = r-r,, the
exponential increase in the radial oscillation amplitude may
be written as an exponential increase in the maximum value of

p Tfor the orblits;

AN
= e
(Pmax)N (Pmax )O
where ( ) 1s the value of for the particle on first
Pmax 0 Pmox

entering the system.

The senaration between orbits is

Ap AN

i

AMp ) e

max max O

A practical vzlue of ex s, the radlal gain factor, 1is

about l.4. with an initial displzcement of the order of 0.01
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inches, it would take about 15 orbits to achleve a practical
separation of 0.5 inches between orbits.
Constant fleld gradients in A and B are adequate if the
general field gradient of the machine 1s constant. However
the magnetic field in the region n = 0.2 is strongly non-linear.
The linear deflection system 1s thus limited to inner radii
where the protons have not reached the full energy that the
synchrocyclotron is capable of giving them. However Le Couteur
(1955) showed that a practical non-linear system was possible.
In fact he showed that, by making effectivéﬁﬁ% the field gradients
in the fringing region of the cyclotron, no peeler would be
necessary.
Without the peeler to help in the 1lnitial displacement
of the beam in the first few orbits in the deflector, the 1initial
gain factor is small (about 1.05). The number of orbits required
for sufficlent displacement for extraction is then about 50,
of which about 30 occur in the first O.l1 inches of dlisplacement.
Elther regenerative deflectlion system has the advantage
of good energy selection. Particles of lower energy which reach
the deflection system early because of large radial oscillations
have too low a magnetlc rigidity to be deflected and will be
left to orbit until they reach the required momentum. Consequent-
ly, the energy and the time distribution of the deflected
particles is much sharper tham the energy and time distribution
of the particles which are intercepted by a target inside the
the machine. This effect was easily seen experimentally as

is described in Chapter 5.
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An extraction system based on non-linear regenerative
deflection has been installed in the MecGill synchrocyclotron.
The design requirements for the deflectlon system are calculated
in Appendix A. ©Since the fleld decrease in the fringing region
of the McGill machine 1s slightly different from what appears
to be the pattern for most other synchrocyclotrons, the original
development of Le Couteur had to be reworked to obtain a
sultable regenerator design. For this purpose an accurate map
of the magnetic field of the cyclotron for radii greater than

the radius for n = 0.2, was required.




CHAPTER 3

PRELIMINARY FIELD MAP
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Prellminary Fileld Map

To calculate the design requlirements for the magnetic
field of the regenerator of the extraction system, it is
necessary to have an accurate map of the cyclotron magnetic
fleld at the outer radii of the machine. Therefore the initial
part of the extraction project involved the setting up and
calibration of accurate magnetic measuring gear.

The magnetlic fleld sensing element was a Hell Generator
FC34 manufactured by Siemens. This element is InSb encased in
ceramic and having overall dimensions 22mm x 12mm x l.5mm.

The control current perpendicular to the magnetlic fleld was set

at 200ma regulated to better than 0.1%. The Hall voltage, which
appears across the element perpendicular to the field and to

the control current direction, can be measured with a potentiometer

6 volt/geuss.

to give a measuring sensitivity of about 30 x 10~
A thermistor controlled heater was used to hold temperature
variations to =+ 0.1° centigrade corresponding to a Hall voltage
variation of about 4 0.02%.

The circuit dlagram for the magnetic fleld probe and
control circuits 1s shown in Flgure 2. The parts enclosed by
the dotted lines are encased in aluminum with outside dimensions
of 35mm x 20mm x 8mm. About 12 feet of instrument leads connect
the probe to a terminal toard on which are mounted the shunting
resistors. The Hall current shunting resistors are used so
that the Hall voltage is a more linear function of magnetic

field. Any length of 8 conductor cable may be used between

the terminal board and the potentiometer end recording instruments.
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The probe was calibrated by nuclear magnetic resonance
in hydrogen. The highly uniform magnetic fleld necessary for
nuclear magnetic resonance was generated by a 4 ineh electro-
magnet. The fleld gradients were measured directly by swinging
a small coil through the pole gap on a rotating arm. The signeals
from this coll were detected through mercury contacts to the
rotating arm and displayed on an oscilloscope. In this way
non-uniformities in the magnetic field could be easily detected
and corrected. Typical oscilloscope traces are shown in
Filgure 1. The highest uniform fleld obtalned in the magnet
was 15,000 gauss.

To detect the resonance, the marginal oscillator of
Cowen and Tantills (1958) was used with a 0.5 em” sample of
HQO doped with Manganese Sulfate. The frequency at which
nuclear magnetic resonance occured was set up on & General
Rradio Standard Freguency Generator by beating with the marginal
oscillator on an oscilloscope dlsplay. Simultaneously, the
frequency of the generator was measured by a quartz crystal
controlled electronic counter (Hewlett Packard Model No. 524B).
The resulting cslibration curve of the Hall probe 1s shown
in Figure 3. This curve is the result of a mean square deviatlon
"Forsythe" fitting of a third order polynomial to the calibration
points.

Plate 1 and Plate 2 show the layout of the callbratlion
gear (excluding the electronic counter) and the Hall probe
control and measuring circuitry. Plate 3 shows the mount which
was employed for the nuclear magnetlc resonance probe and th_se
Hall probe so that the positlion of the two could be easily

interchanged.
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PLATE 1

4 INCH ELECTROMAGNET AND NUCLEAR MAGNETIC RESONANCE PROBE

Photograph shows 4 inch electromagnet, nuclear magnetic
resonance detector and mechanism for detecting field gradients
in the electromagnet. The control panel in the lower center

of the photograph 1s for a set of current shims to correct for

field gradients.
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PLATE 2

HALL PROBE MEASURING CIRCUIT

Photograph includes (left to right) temperature
recorder-regulator, current supply, audio generator of nuclear
magnetic resonance detector, current regulator for 4 inch
electromagnet, Hali control current recorder, potentiometer

and Hall voltage recorder.
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PLATE 3

MOUNT FOR HALL PROEE AND NUCLEAR MAGNETIC RESONANCE PROBE

Photograph shows the probes ready to be inserted into

the * inch gap of the 4 inch electromagnet.
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FIGURE 1

FIELD DERIVATIVES IN TEST MAGNET

These oscllloscope traces were obtained from a coil
sweeping through the field region on an arm 10 inches long.
The complete pulse shape 1s of the form shown ln the plcture
on the left. Sweeps through the 4 inch magnet are shown in
the other two plctures. The effect of pole tip saturation at
high fields 1s clearly shown in the mid@le picture where the
gradients are considerably greater thaﬁt%he plcture on the right.
15,000 gauss was the highest fleld at which nuclear magnetic

resonance could be obtalned.
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FIGURE 2

MAGNETIC FIELD PROBE CIRCUIT

The circuit elements within the dotted lines are encased
in an aluminum capsule 35mm x 20mm x 8mm. The exterior shunting
reslstors are mounted on the terminal board which is separated
from the fleld probe by 12 feet of instrument lead wire. Any
length of éable may be used to connect thls terminal board to
the measuring and control apparatus. Only elght conductors

of the 1indicated nine conductor cable are used.
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FIGURE 3

MAGNETIC FIELD PROBE CALIBRATION CURVE

This callibration curve was obtalned by nuclear magnetic
resonance (see text). Frequencies of the nuclear magnetic
resonance were measured with a Hewlett Packard Electronle
Counter model 524B (%frequency counter based on a quartz
oscillaetor). The curve is a Forsythe fitting of a third order
polynomial to the calibration points and the dotted region is

an extrapolation beyond the range of measurement.
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For the field map of the cyclotron, the Hall probe wa_s
mounted on a rotating arm which was driven by a synchronous
motor through a gear chain. The mechanism was desligned to
operate 1in the cyclotron pole gap without requiring the removal
of the live dee. It was necessary to remove the dummy dee but
this was a comparatively simple matter.

Balancing most of the probe output with a potentiomet er
and feeding the difference into a 10 mv chart recorder gave a
continuous map of fleld versus azlimuthal angle at a fixed radlus.
Degree marker pulses produced through contacts on the drive
mechanism of the rotating arm could be fed into the recorder
as well. Thils safe~guarded against slippage but proved to be
unnecessary. A typlcal field map (with marker pulses at 0° and
180°) 1s shown in Figure 4. The small variations of about 0.1
mv which are apparent in the flat region at 180° show the effect
of heating cycles in the temperature control.

Although for the extraction problem 1t was only necessary
to have a field map at outer radli, a more or less complete
field map was carried out. It was hoped that such & map might
show some reason for the known loss of internal beam current
at varlious radiil. Indeed some correlations were found. For
example it was found that fractionsof the internal beam were
lost in regions where the average value of the negatlive field
gradient was diminisheds Also it was found that at reduced
cyclotron magnet currents the protons did not reach the orbilt
radius at Which n = 0,2 (about 36% inches) because of a positive
field gradient at 35 inches. This positive gradient exlists
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FIGURE 4

TYPICAL FIELD MAP

This map was taken with a cyclotron magnet current of
620 amperes (control console meter). The sweep time was 4
minutes per revolution and the sweep started at about - 20°,
The heating cycles have a period of about one minute and cause
an error amplitude at peak temperature deviation of about
3 gauss. The reason for the magnetic field anomal_y of about

100 gauss at 0° 1s not clear.
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at reduced magnet currents because the ring shim (shown in
Figure 5) could only be designed for one particular field
value due to its saturated condition. For the production

of an external beam the magnet current was set at 675 amperes
(control console meter) as this gave what appeared to be the
best fleld gradient out to a radius of 36% inches.

The output Hall voltage was read from the chart record
and processed in the IBM 650 computer at McGill to give the
corresponding magnetic fields. This involved applying the
callbratlion curve with necessary temperature corrections and
teking into account any deviation in control current from 200 ma.
The magnetic field values obtained were plotted on the contour
map shown in Figure 6 and were used to calculate the fleld
azimuthal average plotted in Figure 7 and the asymmetries
plotted in Figure 8. (A complete circular map beyond 38 inches
‘was impossible because of the live dee and the then existing
magnetic channel for the scatterling extraction system and so
the "azimuthal average" for radii beyond 37 inches was obtalned
by a sample of 4 azimuths in the open side of the cyclotron).
Various parameters depending on the average magnetlc field
are shown as a function of radius in Figure 9.

It 1s seen from Figure 9 that n is fairly constant up
to r = 36 inches but increases rapidly with further increase
in radius. It was considered then, that r = 36 inches would
be a good radius from which to attempt the extraction. In
regenerator design calculations then, r = 36 inches was
considered to be r,, the radius of the last stable orbit
before extraction. In these calculations it is necessary to

know the effective values of dB/dr, d2B/dr2, and higher
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FIGURE 5

GEQOMETRY OF EDGE OF POLE TIP

Shown 1s a vertlcal section through the outer region
of the cyclotron pole gap. No attempt is made to show the
circular geometry. The ring shim of outer radius 38% inches
is designed so that the useful region of the machine 1is
extended out to about 36 inches for the maximum design field

of the cyclotron.
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FIGURE 6

CONTOUR MAP OF CYCLOTRON MAGNETIC FIELD

This map was obtalned with a cyclotron magnet current
of 670 amperes (control console meter). The anomaly at 0°,
at & radius from about 5 inches to about 20 inches, still
exlsts at this magnet current but is not as pronounced as for
a current of 620 amperes. The anomalles at the outer radii
at about 60° to the dee gap are due to the magnetic channel
of the uranium scatterer extractlion system which was not

removed for this mapping. .
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FIGURE 7

CYCLOTRON MAGNETIC FIELD (AZIMUTHAL AVERAGE)

This fleld average was obtained with a cyclotron magnet

current of 670 amperes (control console meter).
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FIGURE 8

PLOT OF CYCLOTRON MAGNETIC FIELD ASYMMETRIED

These plots indicate the extent to which the cyclotron
field is not azimuthally uniform when the magnet current 1s
670 amperes (control console meter). The large values of Al
and A, in the region r = 5 inches to 20 inches, are due to the
anomaly in the magnetic field south of the center of the machine
along the dee gap (0°). Small values of Aq and A, are necessary
if the radial osclllations are to be kept small, but the radial
gradient of the average field is much more important with

regard to beam losses in the synchrocyclotron.
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FIGURE 9

CYCLOTRON FIELD PARAMETERS

The parameters shown here are derived from the curve of
the azimuthal average of the cyclotron magnetic field.

In synchrocyclotrons, acceleration of protons 1s difficult
beyond n = 0.2 where n is defined as -(r/B)dB/dr (see text).
The protons are therefore extracted from the region where n
begins to increase (r = 36 inches). At this radius the protons
have Br = 575 kilogauss-inches and energy 97 Mev. It may be
noted that the magnetic field has the value Br = 575 kilogauss-
inches at r = 39 inches also. Without a magnetic channel,
protons would therefore have to be deflected beyond this radius

to spliral out of the machine.
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derlivatives at r,. In the approximation of the calculatlon
of Appendix A, 4B/dr is considered to take a sharp break at
r = r,. The second derivative d°B/dr? and higher derivatives

are therefore double valued at r = r_;

o) 2€ero when r, is approached

from smaller radii but non-zero when r. 18 approached from

o)
larger radll. What are required here are the values when r
is approached from larger radii.

The values of these derivatives are obtalned by a mean
square deviatlon fit of a polynomial in p = r-r, t0 the measured
values of average fleld in the region O $7P~$ 2 inches.

Writing
B=Bo4af+b/02+c/o3-o-«-- »

it was found that an adequate numerical fit was obtained by
including terms only up to third order. The resulting coefficlents
were; & = -0.024 Kilogauss/inch, b = ~0.054 Kilogauss/inch2,
and ¢ = -C,016 Kilogauss/inch3. The velues of the necessary
derivatives may be obtained by considering the polynomlal as
a Taylor's expansion of E about r = r,» Then a = dB/dr,
b = 1/2 d2B/dr$ and ¢ = 1/6 dJB/dr>. The resulting values of
the derilvatives are used in Appendix A to calculate the design
regulrements of the regeneratlive deflector.

The reasons for the strange system of units (Kilogauss-
inch) are historical. The dliameter of the machine has always
‘been expressed in inches and the magnetic field in kilogauss.

The author apologizes for not having the courage to introduce

8 more logical system.




CHAPTER 4

REGENERATOR DESIGN AND INSTALLATION
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negenerator Uesign and Installation

The regenerstor strength at a radius r in the machine
18 defined in Apvendix A as
f
s, L [ ABGo)s

BO reGgeN
The field increment AB(r,8) is integrated over the whole azimuthal

region whose field intensity is affected by the presence of

the regenerator. As indicsated in Chapter 2, the problem in
deslgning a regenerative deflection system is to obtaln a regen-
erator strength that will increase the radisl oscillation and

at the same time preserve the proper phase of the radisl oscllli-
ation to keep the motion of the orbit centér outwards toward

the extrasction channel.

N

Since the orbiting protons are to be undlsturbed by tye

regenerative deflector until they reach r,, the regenerator
strength at r = r, must be zero. The regenerator strength

as a function of r may then be written =2s a polynomial 1n/a ;

S, = Ap + Bp*+ Cp°> +---

For facility 1in design, the regenerator strength is
agssumed to have at most a quadratic dependence. The parameters
A and B are then adjusted until the proper regenerztive deflection
can be obtained. Optimum values of A and B were calculated
from Appendix A to be about A = 0.2 and B = C.4 (for r and P
measured in inches, @ in radians).

The method used to calculzte the fleld intensity 1in the
vicinity of iron blocks placed in the cyclotron pole gav 1s

described in Apsendix B. Calculatlions indicated that two




(35)

blocks 1% inches x 1% inches x 8 inches placed symmetrically
above and below the medlan plane of the cyclotron and separated
by 2% inches, should give a regenerator strength characterized
by the above values of A and B and negligible values for the
coefficlents of higher order terms.

A non-magnetic stainless steel open Jaw frame holding
soft iron blocks of this geometry was designed, buillt and
installed in the cyclotron gap. For convenlence in any adjust-
ment of the regenerator strength that might prove necessary,
the blocks were made up of 1/8 inch plates.

To check the calculated regenerator strength, the
magnetic fleld in the regenerator was measured with the measuring
gear described in Chapter 3. A typlcal scan of the region in
the regenerator 1s shown in Figure 10. The integrated field
defect fABde 1s shown as & function of r in Figure 11. A
second order polynomial adequate to describe the curve of

measured integrated fleld defect has values of A = C.,2 and

B = 0,43, These compared well with the design values of
A = 0.2 and B = 0.4 but in any case they were tested for
proper regenerative effect by the calculations of Appendix A.
The results indicated that the vertical expansion of the beam
should not become critical until p = 2 inches and that the
radlal separation between orbits would be adequate for entrance
Into a magnetic channel before this deflectlon was reached.

The fleld reduction 1n the area adjacent to the
regenerator 1s partly due to the geometry of the iron blocks

but mostly to the saturation of the cyclotron pole tips in

thelr vicinity. To restore the average fleld at inner radii
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FIGURE 10

TYPICAL REGENERATOR FIELD MAP

This map was carried out with a sweep time of 16

minutes per revolution or 2 2/3 seconds per degree .
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FIGURE 11

REGENERATOR FIELD DEFECT

The fileld defect 1s defined as faBde® where 4B = 4B(r,8)
1s the field change introduced by the regenerator and the
integration at r 1s carried out over the region in © where 4B

is considered significant.
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to 1ts original value, thin vertical shims tangential to the
orbits were placed above and below the median plane at various
radii. Typically these shims were about 1/32 to 1/64 inch thick
and the vertical gap between matching sets of shims was about
2% inches. The magnetic iron used throughout was Armco Magnetic
Ingot Iron.

The vertical shims were mounted on racks attached to
the regenerator frame. Detalls of the regenerator frame and
ghim mount are given in Figure 12 and a photograph of the
regenerator ready for installation is shown in Plate 4. The
regenerator installation is shown in Plate 5. It may be seen
that the radial positlon of the whole array of regenerator
blocks and vertical shims can be adjusted from outside the
cyclotron vacuum tank. The motion is accomplished by a micrometer
screw connected to the stainless steel regenerator frame. One
complete revolution of the graduated barrel gives a radial
motion of 0.1 inch. The regenerator frame is spaced away from
the pole tips of the c¢yclotron by aluminum plates held against
the pole tips by Jacks. The radial motion of the frame 1s
gulded by a groove in the bottom of the frame which rides
over a c¢y_linder attached to the bottom aluminum plate. The
groove 1s visible in the photographs,

When the field defect in the interlor of the machilne
was sufficlently corrected by shimming, the system was tested
for regenerative deflection of the cyclotron beam. The
variation of beam lntensity with radius at the best position

of the regenerator is shown in Figure 13. The intensity was
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FIGURE 12

DETAIL OF REGENERATOR
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PLATE 4

REGENERATOR FRAME WITH BLOCKS & SHIMS IN POSITION
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PLATE 5

EXTRACTION SYSTEM INSTALLED FOR MAGNETIC FIELD MEASUREMENTS

This photograph 1s intended to show principally the
regenerator installation. The drive mechanism for the position
ad Justment of the regenerator is bolted to a short dummy sectlon
of vacuum tank wall. The drive mechanism for the Hall probe
1s seen in the foreground. The exit of the magnetic channel

may be seen in the background.
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FIGURE 13

VARIATION OF MAXIMUM BEAM CURRENT WITH RADIUS

These measurements were obtained from the height of

the beam pulse as viewed on an oscillloscope. Wwhen the measure-
ments for the curve were taken, the average beam current at !
r = 20 inches was about 0.5 x 10'6 ampere. Measurements were |
taken with the regenerator at the best position for the
regenerative deflection of the bean.

The reason for the minimum at r = 37 inches is a sharp
change in beam pulse shape. The beam pulse at 38 inches
appeared to have only about half the time spread of the bean
pulse at 36 inches (about 30 x 106 second) .
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obtained by measuring the current pulse of protons collected
on a copper block placed 1in the beam. It 1s seen in Figure 13
that part of the circulating beam is maintained out to 38 inches.

To test for sufficlent separation between orbits, a
grounded copper block 3/8 inch thick was placed radially
inward from the copper block whlch measured the beam pulse.

Both blocks moved together as a unit. The deflected beam
intensity is shown in Figure 1l4. About 25% of the beam
circulating at 36 inches was sufficlently deflected to clear
the grounded copper block. The varliation of thls deflected
beam intensity with regenerator position (Figure 15) was
rather sharp, indicating that the geometry of the regenerator
was rather critical.

It appeared that the system was indeed energy selective
in deflecting the cyclotron beam (see Chapter 2). An oscill-
oscope trace of the beam pulse was much sharper in time than
the oscilloscope trace of the internal beam pulse. This
selection in time suggests a selection in energy. The reduction
in time spread viewed on the oscilloscope was a factor of 2

or 3.
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FIGURE 14

DEFLECTED BEAM CURRENT

The measurements for this curve were obtained under the
same conditions as those for Figure 13 except that a 3/8 inch
thick grounded copper block was placed ilmmediately inward of

the current measuring block.
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FIGURE 15

DEFLECTED BEAM CURRENT VS REGENERATOR POSITION

The reading on the mlicrometer barrel increases for radial
motion into the machline. ZFEach point on the curve 1s the peak

from curves such as Figure 14.
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CHAPTER 5

DESIGN AND INSTALLATION OF THE MAGNETIC CHANNEL
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The Deslign and Installation of the Magnetic Channel

In principle, a regenerative deflection system could
deflect the proton beam of a cyclotron out to a radius of the
machine for which the magnetic field 1s sufficliently reduced
for Br to be less than the magnetic riglidity of the protons.
The protons would then splral out of the machine.

However the regenerator strength for such a deflection
is not practically attainable. Therefore a locallzed region
of reduced magnetic fleld must be set up inslide the cyclotron
and the protons extracted by deflecting them into this region
(Chapter 1). The channel between two vertical slabs of magnetic
iron 1is such a region. The deflection system must then give
sufficlent separation between orbits so that the protons clear
the inner face of the inner slab on one orbit and enter the
channel on the next.

It 18 important that the channel walls be as thick as
the deflection system will allow in order to galn as much field
reduq~}1on in the channel as possible. This 1s because protons
spiraling out through the fringing area of the cyelotron fileld,
encounter severe negative radlal field gradients even lnside
the magnetlc channel, and these tend to diverge the proton beam
horizontally. To minimize this horizontal divergence of the
beam, the protons must be made to splral rapldly through the
fringing reglon by reducing their curvature as quilckly as possible.

The thickness of the inner wall at the channel entrance

is 1imited by the radlal separation between successive orbits
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that 18 practical wlith the regenerative deflector. In the
MeG11ll machine thls separation appears to be about 3/8 inch.
As the protons travel along the channel they move away from
the last orbit before extraction and the wall thickness may
be increased.

It is inadvisable to further reduce the field by making
the outer wall thicker than the inner wall. This would make
more severe the negative fleld gradlient which 1is already
troublesome.

Where the negative fleld gradlent 1s most severe 1t is
possible to reduce 1t by reducing the thickness of the outer

wall of the channel. However the field reduction in the channel
is then not as great,and furthermore., the gradient 1s not
constant across the width of the channel. This non-uniform
field gradient can cause distortlons in the proton beam optlcs
which are difficult to correct later along the flight path.
It was felt therefore that the channel should have lnner and
outer walls of equal thickness and that strongly positive fleld
gradlents should be introduced over a short length of flight
path when horizontal refocuslng was necessary. Sufficiently
strong positive gradlents of reasonable uniformity can be
achieved by the self excited quadrupoles described later in
this chapter.

The height of the channel wall and the channel width
were decided on the basis of uniformity of field in the reglon

of the channel occupied by the proton beam. Again, non-uniformity

of field can cause troublesome distortlons in the proton beam
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optics. The vertical focusing of the cyclotron field gradient
keeps the vertical extent of the beam to about # inch overall.
It was felt that 2 inches of channel helght would give adequate
uniformity in this region. Whille a somewhat greater fileld
reduction may be obtained by reducing the channel height for
the same wall thickness, the greater beam distortions that such
& channel might introduce could offset the advantage of the
greater fleld reduction. To further minimize non-uniformity
the channel width was made as small as possible, and $ inch

was felt to be adequate to clear the proton beamn.

The channel was made up of sections each 4 inches long.
The design of the wall thickness of each sectlon was carried
out as follows.

For various azimuthal positions the radial separation
between successive orbits was calculated from Appendlix A. The
wall thickness for a channel entrance placed at this azimuth
was then taken as slightly less than this separation. The
magnetic flileld in an entrance channel section with this wall
thickness was then calculated from the methods of Appendix B.
From the known motion of the protons entering the channel, 1t
was then posslible to calculate the increase 1in separation
between the proton beam in the channel and the last orbit
before entering the channel, at the end of the first 4 inch
section. The permlssible increase in wall thickness for the
second section was thus determined. The actual lncrease was
made a little less than this permissible limit to reduce the
distortion in the magnetic fleld traversed by the protons on
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thelr last orbit before entering the channel.

In this way the trajectory of the beam as it was led
out of the machine for various azimuthal poslitions of the
channel entrance was computed for what appeared to be the best
channel geometry. From these computations and from practlcal
consideration involving the space avallable in the machine,
the channel layout shown in Figure 16 was chosen.

Of course no amount of computation can give the exact
coordinates of the beam at any point and s0 seach channel section
was gade ad Justable in the horizontal position of both ends.

The adjusting mechanisms were designed to be operated from
outside the vacuun tank of the cyclotron. The channel section
design 1s shown in Figure 17.

It was declided that six channel sections should be adequate
although an extra section was bullt to be installed if 1t
seemed profitable. The gap between section 3 and section 4
provides for the use of the internal target probe for internal
beam bombardment experiments. The sections are held in place
by brass Jjacks which Jack against the upper cyclotron pole tip
and hold the sections against a 4 inch thick aluminum plate
which 1s properly spaced away from the lower pole tip. The
sections are held against radial thrust by stainless steel dowels
into the aluminum plate and the total thrust on the plate 1is
taken by brackets butting against the # inch pole cap of the
cyclotron. With this method of installation the channel sections
can be completly removed or inserted in a very short time.

Once the vacuum tank of the cyclotron is opened elther operation



(50)

FIGURE 16
CHANNEL LAYOUT
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FIGURE 17

DETAIL OF CHANNEL SECTIONS
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can be carried out in about 5 minutes.,

Since the large amount of iron used in the construction
of the channel seriously perturbs the magnetic field 1in a
whole quadrant of the c¢yclotron, it 18 necessary to correct
the fleld radially inward from the channel so that the internal
circulating beam both before and after regenerative deflection
will be undisturbed. For the first two or three sections, this
correction has to be carried up to within 1/4 or 1/8 inch of
the channel wall. Unfortunately the shims needed for this
fleld correction are quite massive and introduce further
unavoidable negative field gradient in the channel.

The method of attack was to map the magnetic field in
the vicinity of the bare channel sections, calculate the vertical
shimming required to correct for the field defect, install this
shimming and remap the field. This procedure was repeated
uritil it was felt that an adequate correction had been made.

We were helped greatly in this program by having a rapld means
of measuring the magnetic field (the apparatus described in
Chapter 3) and by having means of calculating the effect of
magnetic shims (Appendix B).

In the first attempt only the first three sections were
installed. To obtain a relatively undisturbed/??uzas found
that two conditions had to be met.

1. The shimming had to be carrlied right up to the
channel wall for the first three sections., The shim thickness

ad jacent to the wall of the first channel section is almost

equal to the wall thickness of the channel 1ltself,
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2. Except for the shimming very close to the channel
wall, a vertical gap of at least 2% inches had to be maintained.
This was no doubt due to the necessity of having a sufficlent
vertical aperture. A photograph of a typical channel section
(section 4) with vertical shims attached, is shown in Plate 6.

After several trials the beam was deflected into the
first three channel sections. About 10% of the beam circulating
at 36 inches entered the first channel section and about 80%
of this appeared at the exlit of section 3. Alignment of the
sections to obtain thls transmission was carried out by observing
the beam picked up on an insulated brass block which could be
moved along the channel sections from outside the vacuum tank.

In this way, after the beam was picked up at the channel entrance,
the three channel sections could be aligned in about 4 hours.

When the optimum alignment had been obtalned it was
found thet the channel entrance was 0.3 inches radially inward
from the position indicated by the measurements of the beam
distribution taken before the channel installation. This
indicated that, desplte the magnetic shimming, the channel
sections had changed the average fleld in thelr viclnity and
therefore altered the performance of the regenerator deflsctor.
Since a falrly good yield was obtailned, no attempt was made
to rectify this conditilon.

The later three sectlions were installed and aligned in
the same manner as the first three. A photograph of the complete

channel installation is shown in Plate 7. No serious
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PLATE 6

CHANNEL SECTION NO. 4

Note that the vertical magnetlic shims move with the

channel section as 1ts position is adjueted.
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PLATE 7

CHANNEL INSTALLATION

This photograph was taken before the selfl exclted

horizontally focusing quadrupoles were installed.
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disturbances of the internal beam were found although the fractlion
of the internal beam that entered the channel has decreased a
little (to about 6% of the beam at 36 inches). However, of the
beam entering the channel, only 15% remained after all six channel
sections had been traversed. Glass plates were set up in the
channel sections and the patterns produced by proton bombardment
Indicated that the loss was due to horizontal divergence of the
beam. It was declded that a self exclted quadrupole with a
positive (horizontally focusing) field gradient should be used

to correct this divergence.

A positlive field gradient which converges the beam
horizontally willl cause the beam to diverge vertically. Since
this undesirable diverging action depends on the vertical extent
of the beam, the horigontally focusing quadrupole should be
placed where the vertical extent of the beam is a minimum.

The negative field gradient which caused horlzontal
divergence of the beam in the first three channel sections
converges the beam vertically. The vertlcal focus occurs at
about the entrance of section 4. This gives a region of small
vertlcal extent of the beam in whiech the self excited quadrupole
may be placed in the gap left for the lnternal target probe
between channel sections 3 and 4. The vertical action of a
guadrupole in this position would then be small and would only
move the vertical focus farther along the length of the channel.

A self excited quadrupole was bullt with as large a
poslitive field gradient as possible in the limited space avail-
able. A simple sketech of the quadrupole geometry is given in

Figure 18. A removable sectlion was provided so that the internal
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FIGURE 18

GEOMETRY OF MAGNETIC IRON IN SELF EXCITED QUADRUPOLE

No attempt is made to show the non-magnetic parts of
this quadrupole, Only the geometry of the magnetic iron 1is

indicated s0 as to show the induced quadrupole effect.
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target probe could stlll be used. The flield gradient possible
was not large enough to completely counteract the horizontal
divergence but about 50% of the beam entering the channel now
appeared at the channel exit. Subsequent measurements showed
that the vertical focal point had moved down the channel to
about section 6.

At this time the geometry and the al_ignment of the
channel sections and the self exclted quadrupole were fairly
well establlished and 1t was felt that a review of the total
shimming of the extraction system was in order. Wwhile we were
stlll obtaining a reasonable fraction of the internal beam at
36 inches, the internal beam loss from radius 22 inches to
radius 36 inches was considerable (about 80% or more). By
redressing the shimming we were able to increase the fraction
of the beam at 36 inches that entered the channel to about 10%
but the loss in the region between 22 inches and 36 inches
could not be reduced beyond about 60% in the time available
for the readjustment. Expressed as a percentage of the internal
beam at 16 inches, the extracted beam is a little better than
1% as measured on a Faraday cup. For present normal operation
of the machine, the external beam current versus radius is
given in Figure 19.

It 1s the opinion of the writer that at this stage the
poesiblilities of the extraction system have not been fully
realized. The percentage of the beam at 36 inches which is
deflected into the magnetic channel is good but not as large
a8 the percentage which was deflected with a similar radilal
galn before the channel was installed. This might be corrected
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FIGURE 19

VARIATION OF BEAM CURRENT WITH RADIUS

This curve 1is intended to show where the internal beam
i1s lost. It 1qéasily gseen that there are two reglons in which
the internal beam decreases in intensity with radius. These
occur at about 27 inches and at about 33 inches. These regions
correspond to regions of reduced field gradient in the machine.
Only about 15% of the beam at 16 inches reaches a radius of

35 inches. The beam which reaches the channel entrance indicated

by the dotted line is about 2%.
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by readjusting the regenerator strength to match the altered
fleld gradient in the region r = 36 inches to r = 38 inches

due to the presence of the channel. However the greatest beam
loss in the machine is at inner radil. This beam loss 1s no
doubt due to the variation of dB/dr within the machine. FKeglons
in which dB/dr becomes small not only have smeller vertical
focuelng forces on the protons but also demand more energy gain
per revolution to keep the protons in step with the decreasing
frequency on the accelerating dees. If the voltage on the dees
cannot provide enough energy to the protons for them to stay

in step, the protons fall behind and are lost.

These shallow regions of dB/dr have apparently a{anys
existed in the machine and have a{;yaye been responsible for
beam loss. The installation of the extraction system with the
limited vertical aperature of its shimming may have made the
effect of these regions a little more marked.

However to correct these faults a thorough survey of
the magnetic field of the cyclotron should be carried out.

This survey should lnclude planes above and below the median
plane to detect vertical asymmetries. For such a mapping

the dee system would have to be removed. A calculation of the
necessary shimming could then be carried out and the shimming
installed and securely fastened inside the mechine.

With lueck, such a correction could be carried out in
one step but the total operation might add about two months
to the machine down time. For most counting experiments the

current is already too intense. (This is because the proton
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consists of bursts rather than a steady current. The lnstant-
aneous beam current in the burst may reach about 1013 protons
per second). It was felt therefore that attention should now
be given to the problem of focusing the beam into a well behaved
roughly parallel beam of good cross sectlion and to building

up the necessary experimental equipment to make use of this

beam.




CHAPTER 6

FOCUSING THE EXTERNAL BEAM FROM INSIDE THE CYCLOTRON
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Focusing of the External Beam from Inside the Cyclotron

Because of the negative horizontal fileld gradient of
the cyclotron magnetic field, the extracted proton beam 1is
fairly well focused vertically but diverges horizontally.

The horlizontal spread of the external beam before corrective
measures were taken 1s indicated in Figure 20. 1In an elevation
view the beam 1s roughly parallel.

The beam quality may be expressed as its "area in
phase space'". For a full discussion of the significance
of the area in phase space of a beam of particles the reader
is referred to Penner (1961). Only a few pertinent results
of this approach are indicated here.

The structure of a beam of protons at any point z
along the beam path may be described in a rectangular coor-
dinate system by emittance plots dx/dz versus x and dy/dz
versus y. (For horizontal beams, x and y are generally
taken to be horizontal and vertical respectively.) For a well
behaved beam, the polnts representing the protons in the beam
fall inside a well defined area on each emittance diagram.
This area is called the area 1n phase space.

As one moves along the beam path, the shapesof these

areas transform, but for systems in which the magnetic fileld
is & linear function of x and y, the area in each emittance
plot 18 constant. These areas may therefore be used as a
measure of the quality of the beam and should be kept as
small as possible. The smeller these areas are, the smaller
is the divergence of the beam when 1t 1s focused to a small

gpot.
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FIGURE 20

HORIZONTAL DIRECTION OF EXTERNAL BEAM IN CYCLOTRON VAULT

The direction of the beam was obtained by exposing
X ray plates at the end of various lengths of 4 inch diameter
beam pipe. The beam pipe was provided with & 0.050 inch thick
aluminum window and was connected to a flexlble bellows so that
it could be swung horizontally to investigate the horizontal

beam spread.
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It is desirable to be able to focus the beam to a small
spot for two reasons. One reason 1ls simply the high specific
bombardment obtalined. The other is to prevent adding phase
space area to the beam structure when 1t 1s energy degraded
in an absorber. Energy degrading of a synchrocyclotron external
beam 1s necessary in order to obtain energy variation. When
a perfectly parallel proton beam is energy degraded 1t acquires
a certaln divergence. If such a beam of finlite slze passes
through an absorber, then the area 1in phase space 1s increased
from zero to an amount equal to the angular divergence multipllied
by the slze of the beam at the scatterer and so the beam size
at the scatterer should be as small as possible. The beam
divergence on leaving the absorber may be large but if the
cross sectlonal area 1s small, then quadrupoles of sufficlent
aperture to contain the diverging beam can refocus the beam
to another small spot on the target.

To obtain a good degraded beam then, two sets of
quadrupoles are necessary; &a set of large aperture to collect
the degraded beam from the absorber and focus it to a small
spot on the target and anotner set to focus the external beanm
from the cyclotron to a small spot on the absorber.

The large aperture set has already been installed
(Pacific Electric Motor Co. Model 6SF-26-10LI: 6 1inch aperture,
10 inech long with a maximum field gradient of 4 Kilogauss/inch).
The aperture of the other set 1s dictated by the size of the
external beam. A considerable saving in space and quadrupole

investment 1s therefore achieved
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by making the external beam as small as possible by focusing
inside the cyclotron.

The focusing from inside the machine may be accomplished
by a second self excited quadrupole. (The firet self exclted
quadrupols, to improve the transmlission in the channel, has
been described in Chapter S5). To calculate the necessary
quadrupole strength it 1s most convenient to use the method of
transfer matrices (Penner 1961). In this method the values of
x and dx/dz for a partilcular proton are represented by a two

dimensional vector + The operation of a magnetic system

[di/dJ

on this proton may be expressed as a 2 x 2 transfer matrix

operating on this vector;

/

X X
dx/| = My | dx ()
o e

The vector for each proton 1n the beam locates a
point on the emittance plane. As the proton moves through any
magnetic system (even as it drifts through a field free reglon)
this point moves in the emittance plane according to (1).

The shape of the area encompassing all the proton points
(or a sufficlently large percentage of them) changes according
to the motion of these points.

Perhaps the most useful structure for an external beam
before focusing on a target is one for which the emittance plot
in either coordinate 1s slightly elliptical with its major
axis in the 274 ang 4th quadrant. In a field free reglon

protons drift so that they preserve their values of dx/dz and
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dy/dz and increase their values of x and y by z(dx/dz) and
2(dy/dz) respectively. A proton beam with an elliptical
emittance with the major axles in the 2nd and 4th quadrant

wlll then drift so that the major axls of the plot rotates
into the 1%% and 3% quadrants. In so doing the cross section
of the beam diminishes before it expands. Thls necking down
of the beam 1lncreases the path length for which the beam size
may be held to within a certain limit.

The actual emittance plots of the beam 55 inches beyond
the channel exlt before the second self excited quadrupole
was installed are shown in Figure 21. The points on these
plots were obtained by a brass block with a rectangular array
of holes placed at z = 55 inches, (Distance along path length
is defined as z = O at channel exit). The brass block was thlck
enough to stop the protons and so the holes produced fine
penclls of beam. By followlng the pattern of spots on X ray
film placed at various values of z greater than 55 inches, the
values of dx/dz and dy/dz for the beam pencils could be
determined. The vertical emittance plot obtalned 1is very
good while the horlizontal plot 1s indicative of the large
horizontal divergence.

The horizontal emittance pattern at z = 55 inches may
be thought of as the horizontal emittance pattern at the channel
exit operated on by the horizontal transfer matrix of the
cyclotron fringing fleld over the 55 inches of beam path from
the channel exit. Let this transfer matrix be My. What is
required is a quadrupole to be added to this system so that
the combined transfer matrix of the quadrupole plus fringing
field will give a horizontal emittance pattern outside the
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FIGURE 21

EMITTANCE PLOTS AT z & 55 INCHES (BEFORE FINAL_ IMPROVEMENTS)
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machine which 1is slightly elliptical with the major axis
preferably in the 2nd and 4{h quadrants. At the same time
the quadrupole should not dlsturb the vertlcal emlttance
pattern., Therefore, if possible, the quadrupole should be ..
located in a region where the vertical extent of the beam 1is
e minimum.

Fortunately this reglon occurs in channel section 6.
The quadrupole could therefore replace section 6 and section 6
could be placed after the quadrupole. Since the average field
reduction in the quadrupole is small, the beam trajectory is
altered very little by this change.

The combined transfer matrix of the quadrupole and

fringing fleld may be written as

where Px is the horizontal transfer matrix for the quadrupole.
The procedure in designing the quadrupole was to calculate T,
for trial values of Px and to apply Tx to the emittance pattern
at the channel exit glving s calculated emittance pattern
outside the machine. Px was adjusted until the desired pattern
was obtained. In the approximation of this design, the channel
exlt position and the cyclotron fringing fleld were assumed
unchanged by the quadrupole installatlon and the quadrupole
installation therefore did not change the transfer matrix M,.

The transfer Mx was calculated by multiplying incremental
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horizontal transfer matrices of the form

1 o}
AM -
X
-13B
B Ix2Z 1l

where‘AMx 1s the transfer matrix for path length az and Br

is the magnetic riglidity of the proton. The total path length

of 55 inches for Mx was taken in 5 inch steps of sz and the

value of 3B/3x for each incremental transfer matrix was taken

as the average value over 4z, 3 B/yx was calculated as a function
of z from a map of the fringing field of the cyclotron.

It may be noted that the above transfer matrices do
not include the average fleld term which expresses the radius
of curvature of the particle trajectory. This term disappears
because we are referring the partlicle motion to the curved
trajectory of the beam center.

Once the transfer matrix Mx hag been evaluated, the
emittance pattern at the channel exit can be obtained by
applying the inverse of Mx to the measured emlittance pattern
at z 2 55 inchea. The resulting emlttance patterns are shown
in Figure 22, The vertical emittance pattern was obtained in
a manner similar to that for the horizontal pattern.

These emittance patterns agreed with a qualitative
picture of the beam behaviour inside the channel obtained
during the channel installation (Chapter 5). They also agreed
with beam patterns produced in X ray films and on a flourescent
screen placed in the region of the channel exit. A telephoto
lens was used to view the flOurescent screen by closed

circult television.
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FIGURE 22

EMITTANCE PATTERNS AT CHANNEL EXIT

These emittance patterns were obtained by applying
the inverse of the transfer matrix of the c¢yclotron fringing
field gradient to the emittance points in Figure 21. Note that
here the vertical emittance pattern shows a greater divergence
than the horizontal. This is because the beam has just gone
through a vertical focal point. The cyclotron fringing fleld
refocuses the beam vertlecally before it ie out in the cyclotron

vault.
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When the horlzontal emlttance pattern at the channel
exit was obtained in this way, the emittance pattern at
z =% 55 inches was calculated for trlal values of quadrupole
strength. The transfer matrix for the quadrupole in the limit

of zero length is given by
| O

Pe =
EAd

where p, the quadrupole strength is deflined as J;B/dx:dz.

(for short quadrupoles the above form of the matrix may still

be used if p 1s given by |dB/dx dz and the integration is

carried out over values of z for which dB/dx for the quadrupole
is significantt) These trial values of Px were multiplied by

M, and the result applied to the horizontal emittance pattern

of Figure 22, It was estimated that a value of p of 35 Kilogauses.
should be the best quadrupole strength to design for. The
methods of Appendix were then used to design a self excited
quadrupole (complete with vertical shims to restore the interior
field of the cyclotron) which would give this value of integrated
field gradient.

The quadrupole was bullt and installed. The calculations

of Appendix B gave sufficlently accurate results for the rather
/$g%% of iron (about 5 lbs) to be installed in the machine,

with the correct shimming to prevent the disturbance of the
internal beam, without magnetic field measuremente being
necessary.

It was found that the quadrupole made a decided

improvement in the beam pattern but was not strong enough.
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This was not unexpected considering the approximations and the
roughness of the data involved in the design. After an adjust-
ment of the quadrupole strength (involving an increase of about
15%) the emittance diagrams shown in Figure 23 were obtained.
It still appears that the quadrupole could be a little stronger
(maybe 5%) but very little 1s to be gained by such an adjustment.
It 18 seen in Flgure 23 that totael emittance pattern
in both the horlizontal and the vertical plotes is not elliptical.
However ellipses may be drawn as shown that will encompass
about 85% of the beam intensity. The beam outside these
ellipses may be removed by a simple horlzontsl slit central
on the medlan plane which limits the vertical extent of the
beam at the channel entrance. This indicates that the small
part of the beam removed may be far enough from the medlan
plane of the channel to suffer from the vertical non-uniformity
of the field gradient in the channel sections,
The area enclosed by the ellipses 1is small, indicating
e higher quality beam than was apparent before the second
sell exclted quadrupole was 1installed. An area 1ln phase space
of one inch-milliradlan is equivalent to an increase of beam
size from 3 inch to 1 inch in about 20 feet. At z = 55 inches
the beam has a spread of roughly 2 inch both horizontally and
vertically. Using the 6 inch aper_ture quadrupoles directly,
it was estimated that at # current the beam size could be
reduced to about 0.03 inch x 0.08 inch at 3 feet from the
nearest quadrupole iron. With smaller aper_ture quadrupoles
enabling higher field gradients it should be possible to

reduce this spot size further.
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FIGURE 23

FINAL EMITTANCE PATTERNS AT Z = 55 INCHES

The pointe on these dlagrams were obtained by a remote
control slit system at z = 55 inches and a flourescent screen
placed about 6 feet away from the slits and viewed by closed
circuit television. The 6 feet of drift space was in a vacuum
pipe. The dotted contours encompass about 85% of the beam
intensity.
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CHAPTER 7

DESCRIPTION OF THE EXTERNAL BEAM
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Description of External Beam

A description of the external beam of protons delivered
by the synchrocyclotron at the time of writing follows,

The areas in phase space, indicating the quality of the
beam as & measure of the spot silze for a glven divergence, are
1 inch-milliradian in the horizontal plane and 2 inch milliradians
in the vertical plane for about 85% of the beam. The method
of obtaining these measurements is outlined in the previous
chapter.

The horizontal and vertical spread of the beam at a
point 200 inches from the channel exit (about 120 inches from
the exit port at the wall of the vacuum tank) is shown in
Figure 24, These points were obtained by moving a slit in
front of a Faraday sup. It is seen that about 85% of the beam
1s within a horizontal extent of 0.5 inches and a vertlcal extent
of 0.3 1nches.

The set of 6 inch aper_ture guadrupoles manufactured
by Pacific Electric Co. are now being used to focus the beam
onto a target. With the field gradient in these quadrupoles
at half rated current, the beam was focused to a spot having
the horizontal and vertical distributions indicated in Figure 25.
The points shown as crosses in this flgure were obtained by
bombarding stacks of teflon strips 1/32 of an inch thick and
measuring the relative intensity of the induced radiocactivity
in each strip. The points shown as clircles were obtalned by
the moving s8lit system. The difference in the two curves for
the vertical pattern 1is probably due to the error in locating
the position of the slit, the millimeter readings being
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FIGURE 24

EXTERNAL BEAM SPREAD BEFORE FOCUSING
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FIGURE 25

SPREAD OF FOCUSED EXTERNAL BEAM
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estimated by interpolating between half-centimeter divisionsof
a scale viewed by closed circult television.
The Faraday cup output viewed on an oscilloscope
indicates that the beam has a pulse length of less than
20 x 107° sec, and a repetition rate of 400 per second.
The energy of the protons in the external beam was
determined by attenuation in aluminum absorbers. The energy
from three separate determinations was measured as 97.1 3 0.4 Mev
with an energy spread determined from the range straggle of
less than 1 Mev (width at half maximum intensity). The energy
was calculated from the range energy curves of Rich and Madey (1954).
The current of the external beam was obtalned with a
Faraday cup in a vacuum chamber with a thin entrance window.
The current from this cup was measured by a Kelthley micromicro-
ammeter Model No. 414, The readings on the Faraday cup were

11 activation at a beam current of 2,7 x 10~ 9 ampere.

checked by C
Exact agreement was obtained (~1%) by using the cross section
of 61.5 x 10”27 at 97 Mev from Filgure 8 of Crandall et. al. (1956).
For an average internal beam current of 0.5 x 10"6 ampere
at a radius of 16 inches in the cyclotron the external beam 1is
about 4 x 10-9 ampere. The fraction of the beam which is
extracted depends ofi the internal beam current and lncreases
slightly for higher internal beam current. The interal beam

current was measured by a copper block which 1s moved into the

path of the orbiting protons at a radius of 16 inches.
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Concluslon

In the sense that the englneering of equipment and space
to handle the external beam has not yet been completed, the
project of magnetic extractlon of a proton beam from the McGill
synchrocyclotron has not yet been completed. However an external
beam of protons has been delivered into the eyclotron vault.

A description of this beam has been given in the prevlious
chapter. In concluslion, a few features of the extraction are
described.

The complete extraction system is designed for easy
removal and installation. Once the wall of the vacuum tank
has been removed (taking about 15 minutes) the complete extraction
system may be removed or installed in about 10 minutes. This
greatly faciliggd the adjustment of the magnetic shimming to
correct the magnetic fleld in the vicinity of the extractlon
system.

Once the necessary readjustment of the magnetic fleld
of the interlor of the cyclotron was accomplished by magnetlc
shimming, the positional adjustment of the regenerator and each
channel section was very easily carried out without breaking
the cyclotron vacuum. All that was necessary was to remove
the cyclotron magnetlc fleld to free the system from the
magnetic forces.

These mechanical provisions enabled the extraction
project to proceed smoothly and quickly. The total time of
the extraction project to date (including design of the system

and setting up and calibrating of magnetic field measurlng gear)
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has been about 18 monthas., The down time of the cyclotron in
this period has been about 7 months. The scientific persoéél
involved in setting up the extraction system was one research
assoclate and one graduate student,

The MeGill synchrocyclotron is the smallest proton
synchrocyclotron in which a regenerative extraction system hes
been installed. It has by far the smallest pole gap (7% inches
compared to 11.7 inches for the Harvard machine). While this
narrow pole gap 1s economical in cyclobron magnet design, 1t
is & handicap in designing a regenerative extraction system.
The more rapid decrease of the magnet fleld in the fringing
region of the cyclotron with a narrow pole gap necessitates a
stronger regenerator. However because the vertical extent of
the beam depends on the magnetic fleld pattern in the median
plane of the machine and thls pattern 1s very much the same
in the interior of all synchrocyclotrons, the vertical aperture
of this regenerator should be the samé?for the machines with
the wilder gap.

It may be difficult to fit the 1lron necessary for the
stronger regenerator in a narrow pole gap. In fact the aperture
of the McGill deflection system had to be reduced somewhat and
careful analysis and design was necessary to obtaln as large
an aperture as possible., However it has been shown by thils
thesls that with sufficient care in analysls and design, a
successful regenerative extractlion system can be installed in
a smaller synchrocyclotron without experimental adjustment of

the regenerator strength and channel size.
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APPENDIX A - DESIGN FORMULAE FOR NONeLINEAR REGENERATIVE

EXTRACTION

Introduction

In this appendix the design formulae for the non-linear
deflection system for the McGill synchrocyclotron are derived
from basic prineciples. Although most of the equations developed
here have been published by Le Couteur in the span of three
papers (1951, 1953, 1955), there 1s nowhere an integrated
development of the mathematics of non-linear regenerative
extraction in sufficiently general terms to be suitable for
the McGill synchrocyclotron.

Many details of the mathematical derivations are
included s0 that the casual reader may see more easlly the
approximations introduced. The approximations 1n the work of
Le Couteur and Lipton (1955) on non-linear regenerative
deflection were taillored to sult the Liverpool 156 inch
synchrocyclotron and as such 4o not quite fit the McGill machine
because of its different fringing fleld gradient. Hence,
while the development here closely parallels that of Le Couteur
it is different in detall because of the slightly different

approximations involved.

Development of Equations of Motion in r and z

The baslec eguation used to determine the motion of

protons in a magnetic field is the relativistic Lagrangian
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L = mc(1—- /=B +eV A - ed (1)

-y
Wiere m002 is the rect energy of the purticle,V 1is the velocity

of tne perticle in thc
—

A the masnetic vector notentisl and ¢ l1e the electric seszlcr

coordlunste frame in wnleh we calculate

cotential. The ecuatlons of motion are tnen

_d_[a_'jJ _ oL | 4 (2)
dt Lag, dq,

vuere Ev-are gener-llized mowenta pi . In the present »roblem
i

¢) necd not be considered since the enersy gain per turn

o tne order of 7 Kev 1s gnoll cowzared to tue narticle kinetlce

energy of about 102 ~ev. fThne cylindrical coordinzte system
(r,0 , 2) with z along tire centrzl axls of the cyclotron

v1ll be used. The field b 1s then given by

- ->

B =V X A

vhiecn laglies;

N
~|—
Q
=
~
>
0]
|
~l—
QO
©
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Also
V X B = O
(4)
Q_@L _Q_B"_:O
ar 0z
. _ 108, _
rort"Be)- 759 = O

In @ normal synchrocyclotron the magnetic field

snould be azlimuthally uniform to & good apcroximation.
Then g—%‘: aa—%": QO and from ecuation (4) the only poesible

re=1 solution for Be is zero. Then from e-uztion (3)

9Ar . 0dAr

2z - or O

2 must be arbitrary constants which one mey set
to zero. Then

and A_ and A
r

__0A(r,z)
Bl’ T 9z

(5)
5 - 9 A(r,z) 4 A(r,z)

2z or r

. .z 02
L = moC(l— (] - '2”29:2
C

1 :
)+ er@Alr,z) (6)
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The eguation in @ becomes

d 2A

- 8 + erA) =0

dffmr ) (7)
or mr28 + erA = cost. = Pg

and the ecuztione in r znd z become

a oL
—(mr) — 3 = Q0
at r (8)

at 0z

.s0w conslder tne possibllity of an orbit stable in

r and z which 1s set up to nave r = r_  and z = 0. The stabillty

1s Investigated by expanding ai'and %% in a Taylor's series about
r

(po, 0). irlting r = vy + p,
2 3
IR TN I o*L |, p°L L ,
or ar o dr? ordz'o 29r? azar
. ZzaaL L+paa Ll P Za L l p2204L 2304L ,
2 9raz% 6 ar*ly 2 or azo 2 9r?9z%l, e araz>'o
(9)
oL 5_L,+ZQ_“’_'— . ﬂ,+zu—+zﬂ
3z 9zl “9z%lo T Poaraz?ly" 2021, F “arazl,
243 324 3
+£a_l_+_z_aL+ZpaLJ ZpaL + aL L
2 9z9r*lo € gz*lo 2 32% 2 3zl 6 9z3r3l,

(10)
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2
#for a stable orbit 9[...[ = ——L—/ = @ and ’9—‘1:'1
. or Iy . 2zl P r
ana & L must be negative. 2L ang Q:L_may tnen be
2 ZZ art ort
conslidered to te restoring force constants. The other

derivatives will determine tne coupling between the r zand
z motlon znd the degree to wnicn tne restoring scorings are

non-linear. Ecuzting the derivatives 91-/ and ELEV{ to zero
gf'a 929

glves

oL o

o . g

il = eré5y +edn +m8r,° (0
: : ) . . e

= er6B, + mo¥| =0 i 6:=-7 B,

oL|
02z o

eréa—A = -eréB' =0
0z o

o

These results are very fzmiller znd no such nigh-povered
methods were needeld to obtain them.
Considering hizher derivaetives;
2
dL . 0B,

= - — +
ordzlo ee('ar B')o

and similarly
ZL .
arfazls

By 1s antisymmetric avout tne medlan plane of the

O

cyclotron and tanercfore all even order derivatives of B, with

respect to 2 vanish at z = 0. In particulsar

N |
>
]
|
1)
~
.
.
]
o
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Evaluating the other derivstives in s similar fasenion

o i - 228 |, 018 ‘ e
and using eguations (4) snd (5) and Z—=5 + € _= =0 the following
7zt " Tt

forms of the e.uations of motion are obtained;

2 2 2
I_LP = _p<|+(£a_))_£(£g_%+la_8__l__)°
82 dt? Boar ° 2 Bor® Bar r
22 1 9B ro’B 22 rd°B 29°B
“(— = + —— (=== ==
+2(B r Baf)o 2(86r3 Bar2)°
p3 r o8 2 & W) 3
6 (B 3t B ar2+rBar rz)
2
PZ, I 9°B 2 92
+ 222 4 £ 22y 4 - — -
2 (B are B ar2le (13)
| d®z ro | 9B . r 0B
— = — 22 +pz(= = + — L),
grar - “'Bar et B Y B o
z3 1 9°B zp2r o® 2 0°B
s(Bart 285 T Bark
+ - - - (14

where Bzis now written as B .
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To design the extraction system it 1s necessary to

follow the particles 1n angle rather than time. Ffor thne

nasrnitude of radlal deflection expected, tne aprroximation

d6 = © may not be adequate and s. it Is repleced by

dt °
rde = fo 8,
A+

whereupon to firest order,

2 . 2
-6, 1-%24, - L] (15)

i
r d&® 1, d8de

Subatituting into eguations (13) and (14) the final

L

form of tihe scustlons of motion in r and z are obtained;

-l

s/ | oB ’B 39
A L LA

Sl

1T r 9°B 1 . ITrd8 208B7 .
+to| == + - = |2+ |- -==—
Z[Bar B or2d? Z[Bar’ Brar]”z
_1r19B _4B_59B |, 97,s, 1 [2
6[8 r® B dr2 Brdr * rz]o'[J +rL‘;]
Tt (16)
76° B ar 4 Bar? B ardf
2
_1r1aBy s, 1[rdoB _ 29°B _ 409B] .
6[8 r2l? +2[13 or? Bar? §Fa_r]z”
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Ihese equations of motion zre ecguatlions of displzcement
in terms of azimuth2l angle. Veloclitles may now be expressed
as derlvatives with respect to angle rather th:in time and
frejguenclies describlng osclillatory motion are then expressed
as multiples of orbltal frecuency for the eguilibrium orbit.

At thls point the puttern of tie magnetlc field in an
sctual synchrocyclotron is to be considered (see Figure 9,
Chapter 3, for the pattern in the ¥ec¢Gill machine). The
field ie fairly well described by saying that n = - r/B 2B/dr

hss a2 constant value out to a2 certzin radius r., where it

o

suddenly starts to increase. The region of the cyclotron in
which r 1s lese thnan r is considered to te the "interior"

of the machine, and tne reglon in wnicn r is greater thnan ro

is considered to be the "exterior" or "fringzing"

reglon.
The equatlions of motion for protons orblting in the

interior of the machnine are

gjo raB

2L - —(EDe e = -U=n)p
0_:_3- _r_d_B _ (18)
d0° Bar 2 n2 -

These ecusrtloins of motlon show that the protons may
osclillate radielly about the ecuillbriur value of r, wlth a
frezuency ecual to (l-n)% and may osclillate vertically about
z = 0 with a fretuency egual to n;’—°

ror protons orbiting in tne fringing area of the
cyclotron, the nigher derivatives 1ln eguations (16) and (17)
must be considered. 1In this reglion, tne field may ve expressed

es 2 Taylor's expsnsion about r = rg;

3
I a IB) 2 4 _L. Q_ji

B(P) = B +( )P+2 or 2
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where P = (r-r,) and the expansion holds for P =0,

Le Couteur found that the fringing fleld of the
Liverpool machine could be adeyuately expressed by keeping
only terms of second order. JCJonsequently many of the higher
derivatives in the coupled equations of motion (16) and (17)
do not appear in hls development. However to express the
fringing field of the Mculll machine it was felt that the term
in,oahad to be included. Numerical analysls of the fringing
field measurement of Chapter 3 gave the following values as

the best fit;

roe£ = 36 In.

B. = 16,000 gauss

PQ£§'
‘afJO

i)

or2l, - 108 gauss/in?

- 24 qaussy,

\ [‘f—ras]o= — 96 gauss/in® .

In non-linear regeneratlive defleetion of a synchro-
cyclotron beam useful acceleration of the protons is consldered

to stop at r = p,. The protons orblting at this radius then

have thelr orbit centers moved away from the center of the
machine so that, eventually, with sufficlent motion of the
orblt center in one orbit, the protons may be made to enter

a magnetic channel. (see Chapter 2 - The Non-Linear Regenerative
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Deflection System).

A total deflection of about 2 inches should be adegusate
to sllow the bLezm to be plcked ur in 2 mzgnetic cnsnnel. vor
/’é-? inches the above coefficients give a calculated magnetic
fleld B(fD ) which agrees with the mesacured values to witnin
the instrumental accuracy (C.1x). oubstituting these values
into ecuatione (16) 2nd (17) oneottains

a’p
a6 ®
d?z
%z

= -0.946p(1 — 0.20p-0.03p2+0.122%) -0.127*

-(0.054 + 0.24p+0.10p%)z :

In these equations the term 0,001 27 and tae veloclty2
terms hsve been neglected. Ine ecuatlions obtelined by Le Couteur
and Lipton (1$55) for tne Liverpool machine were

2
ap
- 2
=, = - 0.955p(1 - 0.52p) -0.13 z
ag
d%
ad6?

The problem in designing the non-linear regenerstive

= —(0.045 + 0.26p) z :

defliectlon system 1g to obtesln sufficilent motion of the orbit
center whille keeplng tuls motion in 2 straight line towsrdr
tne channel system and while ma2intaining verticzal stability.

In passling the reader may note that tne rezcon for tae
familiar vertical "blow-up" for protons oscillating about wn
egquilibrium orbit at n = 0.2, 1s easlly seen. Consldering that
in thls field rezion, nigher derlvatlves are strong, tne
coelilclent of the term pz ln ecuztion (17) must be siznificant.
The cnange in dz/de as © increases from O, to O, may be

obtained by intesratiag ecuation (17) once wlth respect to €.

The motion in/p and 2z may not be simple harmonic 1ln tnis region



but it 1s still oselllstory with fundsmental frequencles of
oscillation. Hy naving tne ringe of integr:tion (G,- 6,)
corresponding to 2 number of comolete cycles in z, the term
(é‘.g_ﬂ.)z will give no contribution in the integration. Considering

o

then the contribution of the tern P z. We have

62
@),- &), « [l

2
If the fundamental frecguencles of rodial and verticsl

oscililation =2re re=lated by integers, the intevyraz:l on the R. . 3.
has a finlte v.lue. ‘hls value 1s proportionzl to the amplitude
of the r=zdisl oscillation., If the relasting integer 1ls large,

the value of thls integral mzy not be slgnific-nt (except for very
large rzdi-1 oscili-tions) but at n = 0,2, the radizl frecuency

is only twice the verticsl freqguency.

If the amplitude of the radial oscillatlion 1t very smell
thie 138 still not serious. However for a typlical synchrocycloaotron
a lsrge fraction of ftihe protons may nave s radlal amplitude of
oscillation as large as : inch. Since the radlal freguency
is twlice the verticzl Irecuency, tne energy of this rsdisl
oscillation, 1f it were transferred completely to the verticel
occillation, would result in & vertlical oscillation amplitude

of 1 inch. Suci a vertical extent of the beam is intolerable.

Character of the Radial Motlon

A proton with an eoullibrium orbit of radius r, but with
its orbit center shlfted from the center of the mschine, moves

through two reglons of tine macnine; one in which/ﬂ<o and the
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other in which p>0(Figure Al).

The character of the radiasl motion for ﬁ<ois simple
harmonic with frequency, say, {L . In the reglon f?oit is
not simple harmonic but still 1s oscillatory with a fundamental
frecuency, say,!llwhere 52'15 a function of the radial
osclllation zmplitude in this region.

The regenerator is a narrow wedge (in 8) of radial field
gradlient placed as indlcated in Figure Al in the region pro.
Its field gradient, integrzted over the azimuthal angle for
which 1t 1s effective, 1s the quantity which 1s to be designed
to gilve the reqguired regenerative deflection. 1In the mathematical
treatment of th_is appendlx, the regenerator ls considered to
subtend practically zero azimuthal angle.

The radizl motion is then considered -in three parts;
the angle g to where the proton crosses r, after leaving the
regenerator, the angle k where the proton remains in the region
P <O and the angle h to return to the regenerator. In the
azimuthal region k the radial oseclllation goes through one
half cycle. The angle k 1s therefore glved by L K = 77.

In considering the motion of a proton in this system
it 1s most convenient to express the dlsplacement and veloclty
in one coordlnate as a two dimensional vector and to represent
the effedt on this vector of passing through a region of the
machine as a 2 x 2 transfer matrix for tanils region. If thne
radlal displacement and veloclty are expresced in the units
used throughout this development, this vector 1s éf ).

If a particle described by this vector enters the regaon g
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LAST EQUILIBRIUM ORBIT /

FIGURE Al - AZIMUTH POSITION OF
REGENERATOR
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then 1tr degecristive vector for the redizl motiosn on leaving

g 1s glven by Gr( a@) where G, le the 2 x 2 transfer metrix

representin  Lae égg;ge in the rzdlsl motlion on nassling throusn .
neasuring @ from the regener:=tor positicn, tne motion

in @ (zezuning 1t to ve simole kereinic) 1s xlven by
. !
P Py SIM (26+y)

dp
a6

where Y reosresents the chose of the r+Aisl zotlon of tue particle

Q',oM cos(Q6 + )

as 1t leaves tne regenerator and snters resion . The radlal

fﬁ ’/ﬂ'r
E oy a . / o~ [~} D ’ & .A, ,'3,.-",? N 3
motlon 2t entrance to 3 1is tqen_n/%co;v And a5 iar tne usaal

expansion for the sine and cosine the motion =t ©® 1s describsi

by

p

(4)" (e agmean
70 QpMcoswcosQG Q;}vlsm\psmﬂe

,oMsin\pcos Q6 + PMCOSW sin Q6 )

which m=2y be factored to

' | . ! .
p cos N8 T sinQ @ p siny
(qe) *(_gan et A )
-Q'sin N6 cos 28/ \Qpcosy/
The transfer zsctrir for Gr is thus seen 1o be

l
-Q'sinQg cos 1 g .

cos 0'g iY sinQ'g
6. - (
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Similarly for region k and h it may be seen that

(cos.Qk -‘('—lsinﬂk)

K =
r -Qsin Ok cos Nk
oh  Llsing
. ( cos ‘ Q,Sln ‘h )
r -Qsinflh cos fLh .

The transfer matrix for a narrow regenerator may be set

as

where

_ 17,4 d
T, = -;[(_g)ow_(djg)""]“‘f”

= -—',;—(|+—)IABde :
( AB is the fleld cnange introduced by the regenerator).
Conslider a partlcle whose motion on entering the regenerator
for the m*? time is described by (afi | . ks 1t 1s about to

enter the regenerator for the m+1 1 time its radial moyidw may be

(£) -~ (%)

m+l ée‘m

described by

A -
where A4, HrKrGr r e
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Evaluating A, by multlplying one obtains

a B
A, = (7 8)

where T
e = cos Qf - —ZsinQf
Q
.
B = —
- q sin Qf
y = -T.cosQf - Q'sing f
S = cosQf
and

f-2v+(1—1).
z T

P
If we let é;z represent the particles rsdial motion
(24

on entering the regenerator for the first time we have

%), - "z,

The matrilces Gr’»Kr’ Hr and Rr have determinant unity
and therefore so does A,.. The product of the eigenvalues of
’

A, must then be unity as well. Let the elgenvalues of A, be

A =N U U
e and @ and the corresponding elgenvectors be and ol o

4 v
Then



(¢2)

Since these two elgzenvectors are a complete set,
the motion of a proton entering tne regenerator for the first

time 1s described by

() - =(7)-2(0)

-1

where

o
|

ULV -V
. B oy
wr' - .

Then

il
>

g), = =) -+()
() 2

A
If the regenerator ie so bullt that € 1= significantly

]
N
®

greater than one, after a few revolutions we heve

G = ()

nn

It may be worthwhile to try to clarify thnis wlth @
graphiczl sketch (Figure A2). It should be noted thot since
1 ,Jl’ are both less thnan unity the radilal mot%gn, vithout
the regenerator, does not go through e complegglin oneorbilt.
The regenerator makes up for this by beinz a strong radlal

focusing device which curls the protons back into the machine,
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so that they start the next orblt at the same phase s the
previous. The two elgenvector solutlions for Ar indicate thet
there are two starting phases for which the regenerator is able
to accomplish this. Trere are sketched in Floure A2. It 18
seen thet in one case the amplitude of the radizl oscillation
is Increased znd in the other it 1s diminished. These correspond
to the elgenvalues eA and éJ\respectlvely.

To evaluateehit 1s only necessary to note that the sum

of the elgenvalues 1s equal to the spur of the matrix An. Then

eA+ e'A= 2CoshA = a+p

[} Tr . !
= Qf - —.sinQf (23)
cosh A CoOS > q |

This determines the radlel gain factor e': To determine

the phase angle of the motion one must determine the eigenvector{l().

() -GG ()

(a-e")u + Bv =0
Yy « (8-e™)v =0

which ylelds tiie one solution

B

li = — ,4 or v arbitrary,
v e- a |

From

A
For simplicity set 2 = & so that V = € - o .

Conelder g&galin the motlon on leaving the regenerator

for the m*® time. Recall that this mey be written as
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r sin
d&) /aqu (.Q'COS\II)

where deetermlnes the phase of the motion. From

bus (o) = =" (5 ) (V)
MAX \Qcos Y T | v

one obtains

“T U+ Vv
cot ¢y = -
U
A t
e —cosf (24)
sinf )
The radial motion after the regenerator 1ls then glven
by
. ' mA
P = Pxsin(Q8+vy) 3 PRy Ke
| (25)
whereupon/-" vanishes at & :77‘—,31:.—.‘7. The value of 3 is thus
Jll
determined.

Character of the Vertical Mop;on

While achleving the desired radisl expansion of the
beam it 18 necessary to avoid vertle:=l instublility and for
high efficlency of extraction the vertical expansion must be
minimlized. The cholice of radial expansion factor e’ nmust

take thls into account.
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A8 In the discussion of radisl motion, the proton 1is
consldered to move in three different regions; 1in region g
where the vertical osclllation frezuency 1s effectively UJ;
in k where it is w where ou<uénd in h back to the regenerator
where it is agalnw. Starting at the radial node between the
regions g and k the effect on the verticczl motion of one orbit

may be written as

z z ab
(;1(%)"“[ = A (;4;) Az = GZRZHZKZ(C d)

where Kz’ Hz, Gz’ Rz represent the vertical motion transfer
matrices In the reglons k, h, g, and the regenerator respectively.

Evaluation of these matrices gives
I .
cos wk gsinwk
K,
X smwk co
, | .
cos wh wSinwh
H, .
~wsinw"h coswh
( ’ )
‘TZ
( cCos w'g -‘-L-,sin w‘g)

w'sin w’g coswg
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— A Az _ b P 2 a{AB)
T = — [@e&h] = S a+8)z [ ae
REGCEM, °
a = coswkcoswlgth) - %sinwk sinwig+h)
Tz ., W, W, .
+ - sinw'g(cos wkcoswh — Z.sinwksinwh)
b = wlsinwkcosd(g-l-h) + z,'—-couuk sinw'(g +h)
+;,-—r-?sinw'g(wlcosdhsinwk +-‘;',—,sinw'hc05wk)
c = —wsinwkcosw'(g+ h) — w'coswk sinwlg + h)

T / . i ¢
—-—~cosw'g( w'coswk coswh — w sinwksinwh)

’

’ w . . ’
d = coswkcoswlg +h)—— sinwk sinwig+h)
TZ ’ . ] [ w. . ’
+ S coswg(coswksinwh + -5 sinwkcoswh) .
Constrained vertical motlon requires that the eigenvalues
+
of AZ be of the form e‘(§ 1. e. the phase of the vertical

oscillatlon may change in one orbit but not its amplitude.

From

e"'.A + e_‘.)‘s a + d
= (g+h) (@=0)' ok sindlge b
cos A = cos(wk +w(g+ - 5o Sinwksinwl(gs
2
( )

Z—E,{sin(w k+ wlg + h)) + Soolsinwk coswl( g +h)

% 2
Ww-w

o ww'

+ sinw Kk cos«f(h-g)}

. (286)
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{

wy (KW
Let the elgenvectors of A, be ( ), .|+ Then for

cA
elgenvalue €

78 | A W
L (2)

(a—e“)u-r bv = O

cw 4+ (d-eM)r=0 :

These are two linear nomogenoum eguations in u, v for
which the determinent of the coefflclents of u and v may be

shown to be zero. Then u and v are connected by the eguation

wu . DV

T A

e -a
In choosing the phase of the particle, one may arbltrarily set
u to be real and write v as e‘?’ fquating 1lmaglinary parts one
obtaineg imrmediately

, usina
Siny = T .
Eguating real parts, after a 1little manipulation one obtsins

(2

__b U’ “
U = = The elgenvector (, ./becomes (,-¢f[. The initial

condltions of the vertic-l motlon may be expressed in terms

of the elgenvectors as

2 VR4 [24 "('9’ U
dz =c0n51 e e + € ~¢'}
X2, e’ €

UCOS
=2const

coslyry)
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After N turns the motion becomes

(Z)’ ) (ucosw+m\)>
=2 consi
:7(5- cos(y+ry+nd)/ |

The emplitude Rysfthe verticzl oscillation after N

turns 1s given by

2 2 dz 2
hy = 2z,+ (&)
=2&;—”’(( | + w)(1 + cos € cos 2( #*¢nk))
where .
sin 2y
tan 2mM = 55—
N wultcos2y
: _ 2w sin _ 2sin]) |
sin < | + Wl _c% +bw . (27)
Then
2
ha _ |+ cos € cos2(«7psri)
h, | + cose cos2 (Ary)
The maximum veaelue of this ratio is
2
by _ I FTcoOsE | (28)
h | — cose ’ .

Sin € 1s determined from eguation (27) and A in eqguation (27)
ie determined from equation (26). The denominator in

expression (27) may be shown to be
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w- )COSu)kS|Mg+h)

+bw= 2 sin(w k+w(g+h))+

w

—— {cos(wk + wig+h)) +(—w2cos«:k coswlg+h)

2 2

W ~w .
So o Coswkcos w (h-g)}

~+

(29)

Calculation of kadial and Vertical Osclllation Freguencies

To use the above equations 1t 1s necessary to know
the vertical and radilal oscillation frequenciesc»'and '
In the case of radial motlion, one guarter period may be obtained
by cslculating the angle 1in which/o changes from zero to /Dmax°

Integ;éting equation (138) from fDmax to O one obtalins

(%) - 0.946(p,- p) = O. |3(pj A) = 0.015 (p° )
-o. 24fz(|+o 95p)dp .
2 18 not a single valued function Sune$§en offo but 1its
maxlmum vslue must not begreater than about 0.4 inches. The
r.m.8. value should then be of the order of 0,30 inches and

one obtains

fz (I +0.95p)dp ~ 0.08(p - p)+004(p-p)

(%) --{0.02(4-£) +0.95(a)
3 3 . 4 -2L
- 0.13(£."F ) —0.015(5) ]
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One guarter period 1s glven by

T . rdpP

v T e
2, () :

This 1s one form of the genersal elliptlical integrz2l and may
be evaluated by the stsndard metnods in terms of the elliptical
integral of the flrst kind. However with a computer a numerical
integration 1s probably easier. The results are plotted in
Flgure A3.

The effecti?e vertical oscillation frequency may be obtained
by averaging the coefficient of z in eguation (19) over the
approximately 77 radians for which the proton travels in the

region /0>0. Then on obtains

I 1 (4
' = [(0.054+0.24p +0.10p )d¢
where °

P = PMﬁx Sin ¢ .

Kesults of a numerical integration forcw are also

pletted in Figure A3J.

negenerator Fleld Desigh.

It 18 now possible to check the behaviour of regenerator

designs. Considering a regenerator fleld strengtn

l'e :
= [8Bde = Ap+ By

° ReGEN



(109)

where Af1s the fleld increment in the regenerator, the problem
1s to find values of A and B which result in suitable values
cn‘ehbut also keep the vertical expansion within reasonable
limits (hy/h, ~2 or cos €~0.6). The regenerator radial

and verticel actions are given by
- o P 2
TP = -g( ++)[aBas

lo P 2 a(AB)
T, z —B-a( f de

To first order

T, = A + (B-+ Z—rA)p

2A
T = A +(28+—F)P .

Z

A plot of the radial gain factor e’\obtained from
equation (20) vershs T, 1s glven in Figure A4. To be able
to extract a beam it 1ls necessary to have a radlal gain factor
of about 1.3 to 1.4 atp=1% to 2 inches. It takes a value of
Tp = 0.17 to inltate the regenerator action at p20 and it
would seem that a value of Tr = C.2 (eA= 1.05) would be about
the smallest practical value. Starting at a trial vslue of

T, = 0.20 at £ = 0 and of T, = C.8 at P = 1} inches gives

A = 0.2
B = 0.4 .
Computing cA, 9 , and cos€ from equations (23), (24),

(26), (27), (28), (29) and a knowledge olelandcvlglves the

values pletted in Figures A4, A5, A6. Calculations were
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carried out for various values of B.

It should be noted that the appropriate value of Tr at
/gmax = 2 1nches 1s the value for @ in the regenerator of about
1% inches. This 1s because the regenerator azimuth is not that
for maximum radial dlsplacement. The rediazl displacement at

tne regenerator 1s L =‘0ma sin J?.’g. The value of g was

X
computed by calculating T, from

2A
Tr= A+ (B+ T )Py
and then recalculating T,,after obtalning 9, from

24 oy
T, = A+ (B+=)p sinQg .

A new value of d was obtained from this new T, and the process
cycled until self-consistent vslues of T, and g were obtained.

The plot of eAas a function of @ .. Indlcates that with
an initlal displacement of the order of 0.01 inches or less
in the regenerator, at least 50 orbits will have to be msde
to reach /omax = 2 incnes. The number of orbits 1s large
because the initial gain factor 1s so low (1.05) and 1t may be
advisable to increase A if it can be done wlthout causing
vertical instability. However 1t should be noted that 30 of
the 50 orblts occuf in the first C.1 inches of displacement.

It would appear from the curves of Figures a4, A5, and A6
that A = 0.2 and B = 0.4 keep the vertical motlon restrained
and at the same time give the necessary radlal dlsplacement.
This regenerator strength was the design attempted but the
regenerator iron blocks were made up of 1/8 inch plates to

facilitate adjustment of tne regenerator strength if it should
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prove necessary.
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APPENDIX B - CALCULATION OF MAGNETIC FIELDS NEAR SATURATED IRON

Introduction

When undertaking a project such as that described in
this thesis it is necessary to have some means of computing
the magnetlic field near pleces of iron placed in the cyclotron
pole gap. The method described here gives the field changes
in the vicinity of rectangular pleces of iron to within 10%
or better.

The starting point of this development is the assumption
that any 1ron placed in the cyclotron pole gap will become
saturated, and hence act as a set of sources of magnetic flux
with the total flux from each source equal to the saturation
flux density of the iron multiplied by the area of the face
of the iron which igponsidered to make up that source. The
faces of the iron consldered to be the sources of magnetic
flux are those perpendicular to the general field direction.

Somewhat the same method of approach was used by A. V.
Crewe and J. W. G. Gregory (1955) in the design of the extraction
system for the Liverpool synchrocyclotron. However there are
probsgbly some refinements in this development which 4id not
appear necessary in theirs; refinements made necessary by the
tighter geometry of our smaller machine. The above authors

give no details of thelr computational progran.

Differential Form of the Magnetle Fleld Change

Magnetization curves for Armco Magnetic Ingot Iron show

that the "knee" of the saturation curve is at about 20-30 oersteds
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and beyond thls the magnetic flux density in the iron may be

expressed as
B = B + f"oH (1B)

where Bg 18 equal to 21,500 gauss and Fb' 1 1s the permeabllity
of free space. ror fleld strengtns greater than several

hundred oersteds the flux density the'iron 18 then the
saturation flux density Bg added to the flux that would exist

if the iron were absent. Silnce we are dealing with fields of
5000 - 16000 oersteds, this condition 1s well satisfied. The
procedure then is to break up the iron block into elemental
columns along the field lines and treat each column as s bar

magnet of magnet moment

B, dA
dM = E=h (28)

where dA 1s the cross sectional area of the column and h is
its length (see Figure Bl). The total field change in the
median pl:zne of the cyclotron 1c obtained by integrating the
effect of these elemental columns. Because pleces of iron
placed in the cyclotron gap are placed symmetrically about
the median plane it 1is sufficient to know the field change in
the medlan plane of the added iron. Assuming the direction
of the undisturbed fleld to be positive, this field change

outside the iron at a point (xo,yo) is

2 B, dA h

dB = -— 3 (38)
4w h 2 2 2 2

((E) + (x =x_) +(¥Y-Y) )2
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Integrating over Length of Bar.

Integrating the differential expression over y one

obtains
B, dx 4h [
dB = — =% — 3 _ 2( 2 2
47 h° + 4(x xo) H +4(x-x°)
I+
(L-2y)° (48)
| ° )
h®+ 4(x —xo)2
I +

(L+2y)? -
It L—2yo or L+2yO hzppen to be negatlive, the contributlon of

the corresponding term in this equation becomes negative.
For thin pieces of iron the above integration 1is

entirely azdequate, replacing dx by the thickness of the 1iron.

Integrating cover Thlckness of Bar

If the iron 1s thick enough to warrant an integration

over x the resulting expression for the field change 1is

2
B 2 | 2 2 20 _
AB = _._g_(sm (L—2y) —h - %h(L zhi
47 (L—2y°)z+h h"+ 4(x-x)
X2

2 2 -
2 2h(L+2L5) =Xt

| 2
((L+2y) —h > :
h™ + 4(x-x° X

+ sin' >
(L+2y)+h

|
(5B)

where X, 1s greater than x; and if x; Or x; and X, are negative

the corresponding sin~! terms are subtracted from -7,
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Correctlons

For pleces of iron close to the pole tips of the
eyclotron, corrections are necessary. Here the situation is
analogous to the case of electric charges in the vicinity of
a conducting plate. The fleld may be reprodéced by assuming
a mirror image of opposite charge on the other side of the plate.
If pole tip saturation is not a problem, to a good approximetion
the pole tip is a magnetlc equlpotentlial surface and remains
8o after the added iron is in place. Mirror images of the
mirror images should be of no lmportance and so the effect of
pole tip proximity may be calculated by assuming two new sets
of magnetic poles with spacings 2g~-h and 2g+h, the set wilth
spacing 2g-h producing a positive field change. (g is the
cyclotron gep). A sketch of this assumed source geometry is
given in Figure B2.

A computer program based on equation (5B) with the mirror
image corrections builtj has been compiled. A similar program
based on equation (4B) has also been compliled. In these programs
iron pleces such as used in the regenerator may be considered
as two sets of primary poles with spacings hl causing a positive

field change and h, + 2h causing a negative field change. As

1
shown in Figure B3, hy 1s the gap between the 1lron pleces and
h is their individual helghts.

For thin pleces of iron (of the order of 1/8 inch or
less) the computer program based on the differential expression
for the field change (equation 4B) may be used. With this
program an IBM 650 computer will evald&e the fleld at one point

for one plece of iron in about two seconds. The time for the
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program based on the integration of this differentlial expression
(equation 5B), 1is about 5 seconds for one plece of iron. The
computing time for each program is very nearly proportional
to the number of pieces of iron. Therefore, for thick pleces
of iron that have to be broken up into pieces 1/8 inch thick
for the program of equation 4B to glve good results, the
program based on equation 5B 1s faster if the pleces are more
than # inch thick. For extensive fileld calculations around
the thick pleces of iron in the regenerator, the program based
on the integration saves considerable computing time.

For heavy blocks of iron near the pole tlp some caution
must be exercised in the application of thlis program. For
such configurations the iron 1n the pole tips of the cyclotron
may become saturated. This should occur for magnetic flux
denslity in the pole tips approaching 21,000 gauss. The flux
density in the pole tips of the McGlll synchrocyclotron at a
radius of 38% inches should be normally about 17,000 gauss.
Therefore demanding a fleld change of more than 3,500 gauss
at the surface of the pole tip may cause pole tip saturation.
This would cause a general depression in the magnetic fleld
in the space between the pole tips at the saturated parts.
In the case of the regenerator this effect is notiéable and
so0 the calculated values of the magnetic fleld cannot be used
to deslgn the fine shimming at inner radil. However the
measured magnetic fleld in the principal part of the regenerator
turns out to be very close to the calculated values (as a
percentage of the field change) and the effect of the depression

from pole tip saturation on the regenerator field gradient
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may be lignored.

In the case of the regenerator an attempt was made to
calculate the effect of pole tip saturation. The approach was
to calculate the magnetic fileld change at the pole tip surface
due to the regenerator installation. (With a slight modification
the existing program was used). The excess of this change over
3,500 gauss was then subtracted at the pole tlp eand the resultant
effect in the medlan evaluated. This effect was treated as
the saturation correction and the results in the fringing area
of the regenerator duplicated measured field changes
to within instrumental accuracy. However lack of accurate
knowledge of both B, in the pole tlip and the flux density
normally at the pole tip surface (calculated by conformal
mapping of the pole tip geometry) renders the difference highly
inaccurate and tends to reduce the value of this approech for
design purposes. In most cases it 1s sufficlient to know if
pole tip saturation ls important. In the cases of channels
and self exclited quadrupoles no pole tip saturation effects

were observed.,
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