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AN EﬁECTRON MODEL PHASE-COMPENSATED C-W CYCLOTRON
/ . '

Robert Pyle

Radiation Laboratory, Department‘of Physics
University of California, Berkeley, California

‘March, 1955 )

ABSTRACT

A.33"-diameter cyclotfon was constructed which accelerated elect=
rons to v.c = 0.L46 with a constant-frequency (6l-megacycle) voltage on the
electrodes. The design was based on an idea of L, H. Thomas, who Showed
that with the introduction of a suitable azimuthal variation in the mag-
netic  field it 1s possible for particles in all stable orbits to have the
same period of revolution, and at the same time, adequate axial and radi-
al focusing. The magnetic field of this cyclotron had three maxima and
three minima, the analytical expression being given by:

i ;‘Ho ;l + A(er/c}cos 3@ + B(w r/c)e + Clw r/c)> cos 39}
z=0 L

where A = 1,35, B = 0,272, C==O;5 (variable)., and H, = 21,5 gauss. w is

the angular frequency and © the azimuthal coordinate.

The threshold voltage was found to be 59 peak volts on three 60°=
wide pie-shaped "triants." These were oriented 120° apart, driven 120°
out of phase, and gave a maximum energy gain of 3V,e per revolution, where
V, is the peak triant voltage., Under these conditions, beam which had an
axial height of 1/8 in, at a radius of Slinches had a maximum axial extent
of 1/h in. at larger radii.

By slightly modifying the magnetic field at large radii, 90 percent

of the circulating beam was extracted from the cyclotron over a region 25°
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ﬁide in azimuth, The angular divergence of the egternal beam (in the med-
ian plane) was about 90°, Further;shaping_of the magnetic field concen-
trated 80 percent of the external current iqto a beam'with an axial diver-
gence of 3° and an apparent horigontal diVefgénCe of about 150, The latter
figure was obtained from the width of the beam two feet from the point where
the electrons left the cyclotron., However, there was no single source for
the horizontal trajectories.

The performgnce of this machine was prgmising enough that a second

electron cyclotron of higher energy has been built.
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AN FLECTRON MODEL PHASE-COMPENSATED C-W CYCLOTRON
Robert Pyle

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

March, 1955

INTRODUCTION
Purpose

This report is concerned with an experimental investigatioh of the
properties of a constant-frequency cyclotron capable of accelerating
charged particles to relativistic velocities with 1little loss of beam
during the process. It.is well known that a conventional fixed-frequency
cyclotron cannot accelerate a large current of charged particleé to highly
relativistic energies, because of the inability to simultaneously provide |
the necessary focusing conditions and to maintain the phase relations be-
tween tﬁe particles and rf voltage which are required for energy gain. The
frequency-modulated cyclotron reconciles these requirements but is subject _
to a duty cycle limitation which prevents it from delivering 1arge currents.

L. H. Thomas" presented a possible answer to the problem of obtain-

ing high energies and high currents in 1938, when he proved that a fixed-

*Lo Ho Thomas, Phys. Rev. 5h, 580, (1938).
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Figure 1
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frequency machine with a suitable azimuthal perioddcity in the magneiic field
could meet all the requirements for satisfactory acceleration.. The work des-
~cribed here is based on this principle.

Thomas's work has been re-eXamined and extended by the UCRL theqreti-
cal gi‘oup° The analysis is involved"add will be covered completely in a
future ‘UCRL report by David Judd. Only those ideas and results necessary

for an understaﬁding of the experimental work are mentioned here.

Princigle

The magnetic field (averaged over the orbit) should increase with
radius to compensate for the relativistic increase in mass. In a conven-
tional cyclotron such a field would be axially defocusing. However, it is
possible to ggt both axial and radial focusing with wedge-shaped fields (Fig.l),
and the idea developed by Thomas can be roughly described as the superposi-
tion of a form of wedge field on a field which increases with radius,

A magnetic field similar to that suggested above is described if the

field at the median plane is represented by the expansion°
H = Ho ii + A(‘;)r )cos MG + B(‘*—’cr )2 * C(‘O r ) cos MO + D(“) r ) P 00;)

where: H_ = the central magnetic field

o
o) the angular frequency of the applied rf voltage
M

= an integer equal to the azimuthal periodicity of the magnetic field

the distance from the axis of the cyclotron

e}
B

the velocity of light

0
[}

o
[}

azimuthal displacement

A, B, C; etc. are constants.
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It has been shown that if the ccefficients A, B; C; etc. are proper=
1y chosen, the periods of revolution in all closed orbits will be the same,
that is;, particles will stay in phase with the acceleraﬁing voltage, and in
addition both axial and radial focusing forces will exist. Satisfactory re-
sult§ can be obtained when M is any integer greater than two*o The theoreti=-
cal ubber limit on the energy cbtainable is increased by inbreasing M, but
the problems involved in the actual production of the magnetic field are
such that M = 3 seems to be a :practical choice, Consequently; this
value has been used in the experimental work.

At the time the model was builﬁ, the C and highgr'orderzterms had not
been investigated, and A and B had the values 1.35 and 0.272 respectively.
Later, the correction corresponding to the C term was added by means of
poils wound oh the contoured faces of the poles, and accordingly ¢ould be
varied over a considerable range;

'The magnetic field at any closed orbit went through three maxima
and minima, the percentage variation from maximum to minimum increasing with
radius, The orbits in such a field are not circular (Fig. 2), and déviate
increasingly from a circle as the radius increases, For example, when
C = 0.5, the_@inimum radius is about 13=1/2 inches for the orbit with a
maximum radiué of 16 inches,

The net axial focusing force in this cyc¢lotron is the sum of the
positive effect of the wedge-type fields and the negative effect of the
radially increasing average fieldp the former being lafger in magnitude,

The radial focusing force is the sum of a‘positive force from thg wedge=type
field and a positive effect from the average axial field, and increases faster with

radius than the axial restoring force. Eventually an energy (or more properly

ki

L. I, Schiff, Phys. Rev. 5k, 111 (1938)
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- TWO TYFICAL ORBITS ARE SHOWK. ,
HEAR THE CENTER THE ORBITS ARE APPROXINATELY CIRCULAR,
BUT DEVIATE CONSIDERABLY FRON A CIRCLE (DASHED) AT LARGE RADH.

MU-6539

Figore 2
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a velocity, the same for all particles,) will be reached at which the parti-
cles complete one-half of a rafdial oscillation in passing from one magnetic
lens to the next, For stronger radial restoring forces, the amplitudes of
the radial oscillations increase at an exponential rate., This is the effect
which limits the maximum speed of the accelerated particle to that corres-
ponding to a deuteron with an energy of perhaps 350 Mev. In practice, it ap-
pearé that the cost 6f the machine would‘go up very sharply for deuteron ener-
gies nuch above 300 Mev,

A discussion of the factors considered in thé choice of the coeffic-

ients used in the magnetic field expansion is given in Appendix T.

Scope of the Experimental Investigation

The broad regions for the experimental investigations of the
properties of a cyclotron are (1) the starting conditions, (2) the accel-
eration to fullvenergy, and (3) the extraction of the beam. An electron
model does not lend itself well to an examination of the starting condi-
tions. This work has been done in én azimuthally symmetric, 20-inch-
diameter, three-phase machine using protons and deuterons (see UCRL-1889 Rev.);
there appeared to be no difficulty involved in starting a large current
with an electrode configuration similer to that used in the electron model.
Factors (2) and (3) have been examined in moderate detail with the electron

model.
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Fig. 3 Pole Without Shims
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Fig, i Pole With Final Shims
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Fig. 5 Poles and Energizing coils in place
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APPARATUS
Magnet
The magnet was envisioned as an one-tenth scale model of the

magnet required for a 250-Mev deuteron cyclotron., For this reason, no
fundamental details of construction were considered unless they could
be duplicated on the full-scale machine, Because the magnetic field
was quite weak, with an average value of about twenty gauss and a mini-
mum of seven gauss, it was necessary to choose a site well removed from
sources of magnetic disturbance, The return path for the magnetic flux was
through the air rather than through a yoke., BSuch a design is economically
feasible for a deuteron cyclotron, and very advantageous for the electron
model, because otherwise the effects of residual magnetism would be much
larger, |

PolQE

Thé.design of the pole face contours was begun in May, 1950,
The shape of the iron was calculated by assuming the field to be in-
versely proportional to the gap, with a correction of a few percent to
allow‘for the curvature of the field lines. A plaster model of a 120°
sector was constructed and used as a pattern for a three-dimensional
pantograph milling machine., The blanks were four-inch-thick slabs of
mild steel, which»were:heat treated before shaping. The finished poles
had a maximum thickness of four inches and 'a diameter of 33 inches, ex-
clusive of a flange where the vacuum seal was made (Fig. 3).

As more became known about the desired field, the pole faces were
shimmed, The final appearance is shown in Fig. s Figure 5 shows the

poles in place, The gap at the central axis was about two inches, The
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minimum gap on the "hill" at maximum radius was one inch and the maxi-
mum gap in the "valley" at this radius was about five inches.

Coils

The twd coils originally used to energiie fhé ﬁégnet each consisted
of thirty turns of 1/16 in. by 1/2 in, copper strap woundvinvthe shape of a
cirele 54-1/2 in. o,d. They were separated axially by 61/l inches and ener-
gized;with 22 amperes of current éupplied by a motor-generator set; which |
washstabilized by an external current regulator., The fesultant field wés
not steady enough for good quantitative measurements,

The second set of coils, insﬁalled May, 1951, was mounted directly
on the external pole surfaces, Each coil consisted of 660 turns of #16
formvar covered wire, wovnd on a brass spool 3373/6h in, in diameter. The
energizing current of 1.2 amperes was supplied at 55 volts by a rectifier,
and regulated by a temperature-controlled electronic circuit to one part in
ien thousand.

As would be expected,'the appearance of tpe external beaﬁ was some-
ﬁhat different in the two cases; but the field distribution in the gap
.gppeafed to be unchanged. The two pairs of coils are shown in position in
Fig. 6 and again in Fig. 7. | |

' A variety of coils was wound on the gap sides of the pole faces for the
. puréose oﬂnlocally adjustiné the magnetic field by a few percen:t;° Identi-
cal coils of three turns each were mounted above and below the median plane
and provision was made for'adjusting both the total current through each
set of c&ils and the difference‘between the top and bottom coils. The con-’
trols for adjusting these currents were mounped on a four-sided movable rack,
two faces of which are shown in Figo 8., These coils could be run up to three

amperes, originally from storage batteries; and later from "Nobatron®

;
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ZN-718

assembled Cyclotron

Fig. 6
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ZN-719

Fig., 7 General Room Layout
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rectifiers. Initially, pairs of circular toils concentric with the axis of
the cyclotron were spaced two inches apart from a radius of two inches to
fourteen inches. In January, 1951"these coils were removed and new coils
installed which were wound to the shape of the_calculated orbits, and
'spaCed every\inch from two to fifteen inches radiﬁs on the "hills", A few
months laternadditional coils of like design were added at 12-1/2 in;
13-;/2 in,, 1-1/2 in, and 15-1/2 in.,

Coils of a different nature were installed in June, 1951, the so-
called "C-term" coils, These were spiral-shaped coi}s located top and
bottom at the larger radii, one centered on each hili and valley center
line, Their purpose was to extend the number of terms in fhe magnetic field
expression through the C term, a total current of + 0.5 amperes in each set
of hill coils and - 0.5 amperes in each setrof valley coils making C=0.5,
A1) coils were taped to fish paper. Figure 9 shows some of the orbital and
»C;term coils in place,
| In adéition to the previously mentioned coils, which were necessary
for proper acceleration of the electrons, many other sets of pole-face
‘-windings were used at various times-=for example; to adjust the field near
_the pble edge so as to aid in beam extraction,

Magnetic Field

TheAmagnetic field was first measured in August, 1950. Afte}vone
month of operation, the field was shimmed and remeasured., Errors of several
percent existed at that time. The final shimming took place in March, 1951,
The field wasvmeasured with a rotating coil.fluxmetef capable of an accuracy
of 0.5% for any given measurement. The grid system consisted of points
ever& inch in radius along radial runs every ten degrees of azimuth. No

field measurements were made except at the geometrical median plane. The
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2

Fig., Pole face windings, showing the orbit coils, one "hill" C-term coil

and one "valley" C-term coil. Half of one of the é0° triants is also
shown.
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final field was thought to agree with the theoreticalrfield (A and B térms)~
to one percent. Not much is known about the field produced by the C-term
coils, but spot checks (see Appéndix 111) indicate an accuracy of a few
percent, '

Unexpected behavior of the beam at certain radii prompted further
“investigation of the field and if“was finally agreed that there was at
least.one spot in error by about 3 percent. In addition, all field measure-
ments were made with the tank at atmospheric pressufes and it was eventually
discovered that vacuum loading on the poles decreased the gap by 0.030 in,
at the edge. This vacuum loading probably changed the field distribution
by a small amount; even éf£er the current in the main coils was adjusted.

Some of thé errors were reduced by passing currents through pole-face
windings and by placing iron on the external surfaces of the poles to
give the best operation as determined by beam current and visual observation,
presumably by canceling out the first harmonic produced by the bump mentidned
in ihe precéding paragraph. The relatively low value ultimately obtained
for the threshold voltage together with the good focusing of the circulat-
ing beam indicated that a reasonably good operating field was obtained by
these trimming methods, The optimum operating field was never measured,
-hoﬁever° | |

Vaeuum System

The poles were mounted in and supported by'a hexagonal dural struct-
ure 6 in. high inside and 4O in. from center to center of - opposite faces.,
To one face was bolted a manifold containing two liquid-nitrogen traps with
cfude baffling, and connections to the pumps, Plates with windows and/or
Wilson seals were bolted to the other five sides., Three-quarters-inch

probes could be introduced at the median plane through Wilson seals at each
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cornér of the tank., There were also‘access ports for three probes through
thé manifold., During the final external beam experiments an additional
structure was bolted over two faces, which allowed beam observations to be
made out to bl inches radius over 120°% of azimuth, -

The system was r&ughed by a L3CFM air-cooled Kinney pump, then con-
nected to a DPI MC500 oil diffusion pump backed by a 13CFM Kinney pump.
A baffle cooled to =4O0?C was mounted above the diffusion pump. The opera-

6 mm Hg.

ting pressure was 1 to 5 x 107
It was essential that'as little oil vapor as possible feach the main
vacuum tank, as any nonconducting surfaces inside the machine quickly
charged up and affected the operation, Before thg diffusion pump was
refrigerated to thOC, there yés good‘evidenqe that considerable 0il was
-reaching the manifold., Even after the baffling appeared to be satisfactory,
noﬁconducting layers were still built up at a slow rate. These may well
have come from the considerable amount of organic material in the cyclotron

tank,

Accelerating Electrodes and the RF System

~ Electrode Systems

initial operation was with a single negatively-biased 180° deey
both with and without a dummy dee to compensate for thevtendengy of the
dee bias_ﬁb uncenter the beam (F:"Lgo 10)., The pole féces and pole=-face coils
were covered with copper sheet to complete the resonant system.

In April; 1951, "dees" or more properly "triants" consisting of three
‘copper sectofs‘60° wide were installed; which extended from a radiu$.of‘2
inches to_the edges of the poles, They were-locatedin the valleys of thé
pole surfaces_so that the vertical aperture available for the beam was de-

‘termined by the contour of the iron rather than by the accelerating electrodes.
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Fig. 10 The 180° dee in place. WNote that the source structure was
originelly introduced throush a face plate
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ZIN-Ti4

Fig, 11 One-half of a 60° triant attached to its ground sheet.
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ZN - 721

Pig, 12 Rear view of assembled 60° triant. The upper and lower surfaces are the
ground sheets. The triant halves are tied tegether and connected to
ground through a strap of the dimensions necessary to tune the system to
61 mc. Also shown are the drive line and phase pickup loop.



~28-. UCRL-23LL Rev.

These electrodes were attached to ground sheets by 3/8 in. thick teflon
spacers (Figs. 11, 12), Each triant had a capacity to ground of 240
micromicrofarads and a Q of about LOO, and was tuned to the design fre=-
~quency of 61Mc by adjustment of the inductance to ground. They were op-
efated without bias, |

~‘This system was determinednto have an energy gain per fevoiutidn of
3V,8, where V  is the peak triant voltage, by a simple stepwisévdalculétiono
‘ This was verified b& model measurements using a stretched rﬁbber sheet, and
' 1ater'anaelectt§1yti¢ tank,

v Aﬁ_oné pOint if.appeared.that it might be mechanicaliy'and electri=- -
cally égvéﬁtageous té'ﬁse triants construcééd of spaced sets of tubing rather
than of'cqpﬁef sheet. 'Some of the forms tried are shown in Figs°v13,)lh, 15,
For a given rod diamgter,beam aperture, and number of rods;-the agzimuthal rod
spacing for_maximum energy gain per turn was détermined from electrolytic-
tank me#surementso The energy gain per turn was 1.3V e for the electrodes
of Fig, 13,‘.The modifications shown in Figs, 14 and 15 were»intendéd for
tests of an electrode design that would‘provide large fieldaffee regions
‘near the center of the machine where space-charge neutralization#df the
beam‘could take place if.ne;cessary° '

Adjacent triants were separated at the tips by 1/2 in., and there
was cqnseéﬁently a considerable amount of capacitive coupling between
triants, It caused excessive interaction and had to be neutralized? This
was accomplished by tying the triants together at the tips with LC paral- )
lel ;ircuits, which were tuned indﬁctively to resonate with the intertri=v
ant capacitance, -

Another type of system consisted of three 25%-wide triants'conneétm

ed together at the center of the machine and tuned to three times the

P
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Fig. 13 Triant made of 3/8 in. Cu. tubing. The beam aperture is 1 1/8 in. and
the azimuthal extent is 26°. The insulated cap at the small-radius end
was grounded and served to reduce the interaction between triants. The
calculated energy gain per revolution is 1.3 e VO.
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Fig. 14 Rod triant with 100° tips from 2" to
6" radius.
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ZN - 716

Fig, 15 Rod triants with modified 100° tips to provide
a better transition from tip to rods.
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cyclotron frequency, the configuration havihg a calculated gain per turn of
he Voo Great difficulty was encountered in making them o;cillate in phase
with a usable voltage distribution aiong their léngtho No attempt was
made to accelerate electrons with this arrangement,

Various other configurations were used for miscellaneous tests; e.g.
a solid 90° quadrant and rod electébdes"bperated single phase., These are.
discﬁésed under "Development and Operation®.

Radiofrequency Setup

The 180° dee was driven by a grounded grid oscillator tuned to 61
Mc., The other sets of electrodes were driven by a erystal-controlled cir-
‘cuito In three=phase operation, the output of the buffer amplifier was fed
through terminated lines to three final power amplifiefs located just be-
low the cyclotron. The coaxial lines from the buffer ﬁo the final ampli-
fiers were;cut to lengths such that the output éignlas were 120° out of
phase, Power was then fed to the triants through half-yave-length co=-
axial lines. The voltage on each triant was monitored with a vacuum-tube
- voltmeter connected to the transmission line just outside the vacuum seal.
‘The voltmeters were calibrated with a Hewlett-Packard model L10A VTVM (which
had in turn been calibrated against a secondary standard) applied to the
electrodes at a number of points around the edges top and bottoﬁ; The volt-
age was about 5 percent higher at small radii than at the maximum radius.
Considerable care was required in measuring these voltages. In particular,
the shield on the probe head had to be carefully grounded through a low-
induétance path at the point of measurement, Under these conditions, the
Hewlett-Packard readings were in gobd Agreeméﬁt with those from a simple

peak-reading voltmetero.
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To provide an indication of phases between triants, a signal was
picked from the plate circuit of each final amplifier and mixed with the
output of a local oscillator to produce audiofrequency voltages. These
signals were then fed into oscilloscopes and the phase relations could be
obtained from the Lissajous patterns. It was found after considerable
operation that the best performance was not obtained when the phases ap-
peared to be 1200, and investigation showed that the pﬂase at the ampli-
fier ﬁas not always the same as the phase at the triants,  When measured,
the lines from the amplifiers to the triants were found to be diffeyent
from one=half wave length, and in fact one of them was off by 600.( This
was apparently owing to mterial collected on the insulating spacers, ?he
phase pickup leads were then removed from the amplifiers and inductively
coupled to the triants themselves (Fig., 12).
Servo System

The phase relationships between the triants were not stable enough
for satisfactory operation, and a servo system was designed that could main-
tain the phases to within two’degrees.(see Bob Smith, UCRL-lhBh Rev,) Three
servo networks were used (Fig, 16). One maintained the grid-to-plate phase
difference of one amplifier at 180° for maximum efficiency. The others
kept the outputs of the remaining amplifiers at any desired phase differ-
ences with respect to the first amplifier. Errors in phase were corrected
by motor-driven condensers, which initially were attached so that they re-
tuned the amplifier plate circuits (Fig. 16), but which were later moved to
the vacuum tank and retuned the triants themselves through short lines,
Most phase drift was found to be caused by some detuning inside the cyclotron,
provided the amplifiers had come to constant temperature., In most cases this

was due to a movement of one of the probes. Fhase differences also could be
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read directly fromvmeters in the servo circuits.

The most satisfactory probe handles were made of 3/l in,0.d. grouﬂd and
polished nonmagnetic stainless steel tubing, For visual observation of the
béam, the probé head was simply a plate painted with a fluorescent material
. suspended in acetone with a few drops of Duco cement as a binder, This mat-
erial'is a poor conductor and, ifﬂa thick layer were.applied, the probe head
wguid charge and the beam would be deflected. There was no indication of any
disturbance, however, even at very low energies, when thin layers were used.

Reliable current measurements were a seriﬁus problem, and no real=-
ly satisfactory solution‘was found. Bare probes fashicned of a piece of copper
~ sheet attached tola Kovar seal in the end of the probe gave spurious readings
owing to rf pickup and recﬁification and; moré-espeeialiy, to large numbers of
1ow~energy electrons (about 1 Kev), which were especially numerous at small .
radii and in the fringing field at the edge of the pole,

A probe enclosed in a wire grid at negative potential reduced the spuri-
ous currents but disturbed the circulating orbits, The solution seemed to be
to cover the current electrodes with a conducting material thick enough to ab-
sorb the low—energy electronso Aluminum foil or leaf was used as the absorber,
insulated from the current electrode by either vacuum or 1.1 mg/cm2 condenser
paper. " Because of pinholes, the smallest usable amount of shieiding consisted
“of two layers of Aluminum leaf with a total thickness of 0,3 mg/bm?, The smal-.
_lest leaf thickness that gave.results reproducible from one probe to another was
0. 6 mg/bm s With a cutoff energy of about 17 Kev, In the cjcibtron,-the measg=
ured beam current through this thickness increased more or less linearly with
radius above an energy of about 17 Kev untllllt flattened off at a radius cor-

responding to 35 Kev. Similarly, the current through a 1/2-mil Al foil

{
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(3.5 mg/bm?) increased from the calculated cutoff at LS kev without reache
ing a plateau. The most commcnly used shielding was 1/;-mil Al foil, which
was reasonably sturdy and was thought to transmit a constant fraction of the
electrons with more thanvhS kev,

Current-vs-radius measurements did not-éhow the expected fbi‘m° When
electrons wefe lost axially (as determined from visual measureméntS) the
probe current was a maximum at intermediate radii, but with a well focused
beam the measured current continued to increase with radius, except near
the threshold voltage.

An auxiliary experiment was set up to calibrate.the probes as a
function of electron energy, but unfortunately no reliable data were ob-
tained, Experimental evidence has recently been found that shows the
transition from O tc 100% transmission takes place much more slowly than
we had supposed (Fig. 17),

Withinthe limitations set by foil pransmission; there were two main
sources of error in the measurement of the circulating beamo_ First, an un-
known number of secondary electrons was. produced when the béam struck the
. probe; many of which could have been lost. Second; there was a region
Severél mils wide at the tip of each probe where electrons could be stopped
without reaching the céllecting electrode. This was a Serious,iimitation in
that it was found that beam with large radial oscillations gave larger read-
ings than a well tuned beam. Galvanometer readings might increase as much -
as 50 percent as the probe was pulled from a circulating beam of small radial
extgnt into the rather diffue spill beam, Different probe heads of the same
construction gave readings which agreed to wifhin about 10 percent in the
circulating beam and perhaps two percent in the external beam,

Currenﬁs were measured with L and N galvanometers with sensitivities

of 0.000} microamperes/mm deflection.
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Sources

Many forms of electron sources were tried. At or near the center
of the cyclotron bare tungsten filaments were satisfactory, provided they
were so formed that the heaﬁer current would not produce objectionaﬁle
magnetic fields, DMost experiments were run with electrons injected two
or three inches from the center, with an energy approbriate to the radius.

A number of injection-type sources were cbnstructed, in some of which the
accelerating potential was applied between a filament and grounded field-
shabing electrodes. Another form started electrons near theﬁcenter_of

the cyclotron with a few hundred volts energy. After they were focused

at the 180o point they were accelerated to the full source energy. This
source had éome structural advantages, buﬁ proved too difficult to keep in
adjustment while thg magnetic field of the cyclotron was being tuned.

The only reliable source developed is shown in Figsole and 19, A
tungsten heater was packed in barium aluminate in a tantalum capsule. The
capsule was surrounded.by a grounded shield and electrons were drawﬁ through
holes in the negatively bilased capsule and emerged through a hole in the
shield., A snout was used to collimate the beam, |

The whole structure was mounted on a ceramic ﬁlate, Which could
slide on runners attached to the under side of the plug through the center
of the top pole (Fig, 20),

These sources were operated up to 100 hours, with emission currents
of about one ma., The current emerging from the collimator was not measured,
The chief drawback was the impaired radial clearance for the first turn. It
was necessary that the orbit increase in radius by at least 100 mils to clear,

and at voltages near threshold, only a small current was accelerated,
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Fig. 18 Injection-type source with shield removed. Also shown are
components of the emitting capsule.
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Fig. 19 Injection-type source with shield removed.
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Development and Operation

This section is broken down according to topics, rather than being
presented as a chronological log, but a few remarks will be made for the
purpose of orientation., The first beam was obtained Sept., 16, 1950, From
this date until late in June, 1951 the accelerating system consisted of a
single 180° dee. During this period several improvements were made in the
magnetic field but ohly the A and B terms in the field expansion were
included, The final shimming of the magnet with iron was finished April 19,
1951,
| In June, 1951, the C=term coils were added and the three-phase elec-
trode system was put into operation, using 60° triants., The main féaturés
of the cyclotron then remained pretty much unchanged for the remaining opera-=
tion, except for a period during which a number of different types of
accelerating electrodes were tried,

In May, 1952, a magnetic channel was cut in the poles, and the re-
maining operation was devoted to an examination of beam extraction by means
of the magnetic channel,

The apparatus was dismantled on August 15, 1952, some of the equip-
ment being needed for the next model.

See Appendix II for the energy-vs,-radius relationship.

The Central Region

No attempt was made to model the conditions that:would exist in a
full-scale deuteron cyclotron, fhe"behavior of the initial orbits in ex-
isting heavy-particle machines is~fair1y*wellfﬁﬁderstood,-and both deu~
terons and protons were successfully started in an”au#iliary experiment in
a three-phase cyclotron 20 inches in diameter with'three .6O°.triantso (See

WCRL-1889 Rev.) However, electrons could be started fairly successfully with
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sources at the center, ard in fact all of the 180° dee operation was of this
type, A bare tungsten wire central source was also used initially in the
three~phase setup. An analysis of starting conditions with the triants |
extending'inward to a radius of 2 in, was made by John Jungerman (unpub-
lished), Somewhat better three-phase operation was obtained by adding tips
to the triants so that they extended inward to a radius of 1/2 in. For the
nost part, however, the electrons were injected with energies‘of around 2
kev to avoid the probleﬁs peculiar to operation with low-energy electrons,
in particular the effects of stray magnetic fields from the source struc-

ture, and electridxfields from charges built up on the poorly conducting

layers that were gradually deposited throughout the cyclotron,

The Region of Acceleration

Threshold Voltage

In principle, the threshold voltage can be very small because axial
focusing is not obtained at the expense of the resonance condition, as it
is in conventional cyclotrons., In practice, of course, the inaccuracies
in the field shimming set some lower limit to the‘voltage at which beam can
be accelerated to full energy; in addition the theoretical development of
the field is in the form of a terminated infinite series, so that the exact field
shape desired is not known for large values of v/c. There seems to be no
easy way to predict what the threshold voltage will be from the magnetic
field measurements, but one might hope that if the (positive and negative)
field errors were random and, say, of one percent magnitude, as was roughly
true in th;s cyclotron, the error in transit time per revolution would be
smailer by a factor of perhaps ten, The performénce of the machine indicated
that something like this is true: If it is assumed that all the phase errors

were in the same direction, then only O.1 percent error per revolution would
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be required to make the.phase between the electrons and the rf change by
90o during the acceleration to full energy at the experimental threshold
vvoltagé. | 7 : | - |

When the trimming'coils‘were energized, the operating‘field was
considérably‘improved. These coils had a twofold effeétz ;Firsﬁ, they
pérmitted adjustment of the ﬁagne%ic medién plane so that electrons were
nbﬁ'lost to the pole surfaces, and second,vthéy adjusted the avéfage fields
over groups of orbits so that the electfons remained in phase with the rf.

The magnetic field errdrs were of course not aétually random as far
as thé orbits were concernéd° The patéhes where the field was too high or
" too low had a minimum diameter roughly equal to the magnet gapo Therefore
a number of;revolutions could be méde through approximately'the same field
errors, giving a cﬁmulative effect,

The'thréshold voltage was arbitrarily defined as the minimum voltage
requiréd to give 5 x 1079 amperes of beam outside the cyclotron. The out-
ermost stablé orbit was at a radius of about 15-3/l in, This amount of cufa
'rent'gave’a deflection of about one centimeter Qn the mdst sensitive scale
‘of the galVanome£ers. The beam would compietely disappeafvfrom a fluroces-
cent_probe at é voltage about one peréent lower than that for the above
condition.

With this definition of threshold voltage 1t might be expected that the
value of the threshold obtained would vary considerably with the'filameﬁt
emission,  In all the sources tried; the maximum accelerated ﬁeam was obe
tained with two or three milliamperes total emission from the filament. The
actual current injected into the éyClofron was much smallér,L When the
emission was run higher the output current would drop sharply, presumably’

because of some plaSma.defocuSing effect in the source structure. All
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threshold measurements were made with the source emission optimized for
maximum accelerated current.

The early threshold results are not of much importance except to
.aow the sort of progress madé as the field was improved. .Before the final
shimming of the pole faces, 520 peak volts were required to give 5 x 1077 am-
peres at 1l in, radius, with a single 180° dee., After the shimming this
current was obtained at 1l in. with 160 V on the same dee. It must be em-
phasized that in this cyclotron the operating conditions were adversely
affected by any insulating layers on the surfaces of the dee or ground
sheet. For example, after a few weeks of operation, the threshold voltage
might be halved by thoroughly cleaning all surfaces., . This behavior was not
fully appreciated in the early operation.

A threshold voltage of 126 V was obtained for the full radius of
16-1/2 in., with the ﬁagnetic field as finally shimmed, but with the 60° triant,
three-phase accelerating system. This corresponds to 190 V for the single
180° dee. With the addition of the.C-termAcorrection to the magnetic field,
it was eventually possible to obtain 5 x 10-9 amps at 16-1/2 in, radius
on one hill, with 59 volts péak voltage on the 600 triants. This is
equivalent to 90 V on a single 180° dee in the electron model, and %o
about 225 kilovolts for a full-scale 60° triant deuteron cyclotron. This
Heam'was not well centered at large radii, however. The curfents in the
v-term colls were adjusted so as to give the best beam on one particular hill
probe, and a property of these coils was that the outer orbits couvld easily
be displaced toward one hill, For the 59-V threshold quoted above, the
circulating beam was at 1L in.,, 15 in., and 16 in, on the three hills; the

maximum energy of the electrons was roughly that of a properly centered orbit
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at 15 in. radius. The operating conditions are gimen in Appendix IVO

When the rf voltage was reduced below threshold, the_maximum-radius
atlwhich_the_beam circulated was correspondingly_reducéd° No measurements
of thresholdnvcltage vs. radius were made with the cyclotron tuned for the
S9-V(scill beam threshold, because the initial:erbits did not clear the
source structure at voltages below 55 Vs At this voltage the maximum beam
radius was 14 inO: A number of threshold voltage-vs;-radius measurements
were taken before the final adjustment of the magnetie fleld but have no
signlflcance for the fleld as finally shimmed.
| Threshold measurements were also made with triants 26° across (Fig,
13). The energy gain per revolution was calculated to Be 1.3 Vo from the
electrolytic tank data, For ccil settings which produced am off-gentered
beam the same as obtained with the 60° triants, the threshold-for a spill
beam was/lBZ_V,' Converting'this to the 60°.e1ectrodes one\gets l32 X
1.3/3 = 57 V,,wﬁich is in good agreement. Using this set of electrodes,
the threshcld for spill beam with a well centered circulatimg beam‘was
measured as lhO V peak. -This,corresponds to 6l”V with the 60o tfiantso

A single solid 90 quadrant was used to accelerate the beam 1n an
experiment to exam1ne the radial restorlng forces° This system had a
calculated energy galn per turn of J_1Vbe and a measured thfeshold of
400 V peak.for spill beam. |

A1l the above measurements were made with'él‘Mb rfdand witﬁ tﬁe
'phases optimized with equal voltages on the triants,.‘The phases were about
120° for minimum “threshold, as expected, and just above threshold the
tolerances qu_the_phase angles were small, More exactly, the allowable
variation,in phase,angle was small provided nothing else were vafied, but

even near threshold the character of the beam was changed only slightly if
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the phases were #s much as ten degrees from 120o provided the triant
voltages were readjusted,

‘_It is easily shown that for 60o triants the energy gain_per turn is
3eV, when the phase differences are all 120°, and is reduced only 0,13% by
changing the phase §f one of thé triants by 5 degrees, This loss in energy
gain per turn can easily be coﬁpénsated for by increasing the triant voltage,
but a net force tending to drive the orbits.off center will result. An in-
%ggaigrégcthe amplitude of\the radial oscillations was seen when the unbaiance

Ag example of the varigtion in output current which occurs when the
phase difference between triants_is changed from 120° by adjusting a single
amplifier is given in the data cf Table I, For a given triant voltage (VT
is the threshold voltage) and phase shift, the full-energy current decreased

by the amount shown in the bottom row. The triant voltage was kept constant

while the"phases were being varied,

Triant
Voltage Vo

r——

Phase o
Change 0.5

Decrease '
in || so% 7% 10% < 1%
Current iL‘

Table I

£

The allowable phase of the particles with respect to the rf for ac-
celeration lies in the range + 900, and it has been mentioned that in the
ideal magnetic field the phase would not change with radius. Two attemplo

to measure the phase relationships as a function of radius were made by L.

Wouters, In one experiment the photomultiplier was gated with rf whose
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phase could be adjusted with respect to the accelerating voltage on the
triants. The phase signal from the beam was obtained by producing x-rays
in a foil mounted on the end of a probe. In another case the source was
pulséd with a signal whose phase relative to the accelerating voltage could
be adjuéted; In neither case was there any indication that thé phase could
be determined to closer than hSo; within these limits the phase did not
change between the 12 in. radius and 15 in.,and beyond lS in., the electrons rapidly
fell behind in phase. The adjustment of the cyclotron at this time was not
optimum, but the crudity of the technique did not warrant more careful work.

With high triant voltages the radii of individual turns of the or-
bits could be measured, out to a radius of 9 in. The results were consis=-
tent with electrons in phase with the accelerating voltageoA

It has been suggested that it should be relatively easy to measure
the average phaée between the beam and the rf by measuring the length of
-time for the electrons to be accelerated to full energy. This experiment
wasAnot carried out,

Axial Focusing

A basic requirement of a high-current, high-energy accelerator is
that 1little -or no beam be lost during the acceleration process, fof in
addition to the reduction of useful beam there would be severe radiation and
cooling problems. As a consequence a large amount of time was devoted to the
investigation ofrthe axial focusing, and in particﬁlar t0 a search for a
set of conditions in sz c¢yclotron for which no beam would be lost to the
pole faces,

With either an oﬁacenter or injection-type source; the beam filled
the available gap after a few turns. Measurements of beam current vs. rad-

ius were not satisfactory, so tha£ most of the informaticn obtained came
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from visual observation. At radii greater than three or four inches,; one
hoped that the axial amplitude would decrease until it amounted to a small
fraction of the available aperture; and tha®t this axially restricted beam
would not touch the pole surfaces at any point. As an aid to the tune up
of the cyclo%ron, the vertical aperture was restricted somewhat by 1/8 in,
high’strips of metal attached tqnthe upper and lower poles on the centers
of the hills, i.,e., at the positions of minimum gap. These extended radi-
ally from 2 in. to 16=1/2 in. and closed the gap tc 1-1/} in. at 3-inch
radius and 3/L4 in. at lé-inch radius, When these wefe éoated with fluqres—
dent paint it was possible to tell at what radii beam was lost axially,
Fluorescent probes could be introduced to examine the beam distribution
insidé.the gap.

In the early operation the beam filled the hill gap at all radii,
After the;final shimming (but before the addition of the C-term correction
to the magngtic field) it was possible to adjust the auxiliary coils so that
little beam was lost at radii less than 13 inches. At 13 inches the axial
amplitude increased rapidly and most of the elecirons were losi,

With the addition of the C term to the magnetic field it ﬁas possi-
ble to obtain a tuneup in which no current was lost to the gap-cdefining
clippers.between 3 inches and 13 inches; and very little at laéger radii,
However, the vertical extent was nearly equal to the gap at all radii,

A more informative technique was to limit the initial vertical
height of the beém. This was doné with adjustabie strips of metal; ex=
tending from radii of 3 inches to 5 inches above and below the median plane.
With a gap between these clipperS ofglsayg i/lé in., the individual turns
beyond 5 inches could be seen as spote on a fluorescent probe, initially

1/1€ in, x 1/16 in,
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For a given triant voltage the trimming coils could be adjusted so
that the spots did not grow in either dimension from 3 inches to 16 inches
radii, This was true for all voltages from threshold to 500 V, althoughv
as would‘be expected the trimming coils had to be readjusted when the ace
celerating voltage was changed. Under these conditions the turns did pth
toﬁch.the poles and no beam was 1ést axially., (See Appendix IV for opera-
ting cﬁnditionso) |

It was expected that the vertical extent of the beam would be greater
in the valleys than on the hills, and so it was. At all radii, however,

the heights in the valleys were more than 50 percent greater than on the

' hills o

Photographs of the orbits were taken on the hills and in the valleys
by leaving the camera shutter open while fluorescent probes were pushed into
the orbits. Examples are shown in Figso 21 and 22, The center line of
spots is tﬁe beam hitting the probe, the others are reflectlions from the top
and bottom gfound sheets. The radii included are 5 inches to 16 inches on
the hill and 5 inches to 1l4=1/2 inches in the valley. Although photography
“under these conditions does not show up the first few turns; the bunched
appearance of thé beam at large radii is clearly visible, These photo-
graphs were taken with a peak voltage of 300 V on the 60° triants.

Théﬂfrequency of the axial oscillation was measurable only at radii
less than 8 inches. The successive turns in this region were observed to
wander above agd below the geometrical median plane. A4s the émplitude of
the axial oscillations waé small wheﬁ the beam was started in the geomet-
rical median plane and large when the beam was started off the median plane,
it was clear that the observed phenomenon was actually a particzle oscillation

rather than a wandering of the median plane. Moreover the numter of turns
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Fig. 21  Hill beam, 3 in. to 16 in. The arrow indicates the first orbit,

Fig. 22 Valley bear, 3 ir, to 14 1,2 4in. 7The arrow iadicates t-e first orbit.

!

ZN 290 8 29|
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involved in a complete oscillation ﬁas indépenaent of the accelerating
voltage, showing that the restoring force was magnetic rather than electro-
static at radii greater than L inches. The results at 5 inghes were
consistent with the theoretical frequency of 0.1 times the cyclotron fre-
dquency. As mentioned in Appendix I, one would expect the amplitude of the
axial oscillation to be Proportional to (-\]a)'%° The»theoretiéal vafi—
ation of ’Ja with. B :isfgiven in Fig. 31, The height of the beam
eﬁvelope should decréasé:with increasing radius except for the 1as£ inch
or so, Under the best tuneups, a small decrease wés found out to a radius
of about 10 inches, beyond which the height did not change much,

An attempt was made to increase the electrostatic fdcusing at small
radii with negatively charged rods, above and below the median plane, run-
' ning radially out on the tops of the hills. No meaningful results were ob-
tained,

. The above investigations were made with the solid 60° triants. With
the rod triants having solid tips out to 6 inches‘(Figc 1) there was some
indication of electrgstéﬂic‘defocusing at the transitién radius of 6 inches
for electrons more than11/8 in., from the ﬁedian plane, This was not ob-
served with the trianté 6f Fig. 15,

As the theofeﬁical analysis progressed it became clear that the
axial restoring force would drop to zero at about 13 inches if only the
A and B terms of the field expansion were included. For the C=term coils
which were wound, it was predicted that currents of 0.5 and wOQS amps or‘
more in the hill and valley coils respectively would be satisféctorye'

With 0.25 and =0,25 in the hill and valley coils there was no evidence of
an increase in beam height from 3 inches to 16 inches, The same was true

for 0,75 and =0,75 amps in these coils; in fact the beam did not appear much
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different, With 0.5 and =0.5 amps the beam blew up vertically at about
1) inches radius, and in spite of several tries ihis blowup was not overe.
come. 'The reason for this is unknown, but it seems unlikely that there is
.'an&tﬁinngrong with this value of the C term as such. |

.‘;.'The appearance of the beam‘was identical for the rod triants and the
'sélid trianﬁso
| | W_hen_the’éoo triants were inétalled,'conSideraple care was taken to
pqsitibn‘them accurately. It ﬁas later éhown that the requirements on the
.‘géoﬁetry were not very stringen‘b° -To investigate this point,; the lower half
of ‘one of the triants was extended azlmuthally 1/2 in. The appearance'and

p051t10n of the orbits were found to be unchangedo

Radial’ Focu31qg

| ' It has been mentloned that when the beam was colllmated at small
radii, the first few turns wererdistlnct° The spacing between turns in

all cases agreed with that calcﬁlated for the maximum énergy gain‘per turn.
_When these distinct turns were first observed, it was found thaf fhe separa-
tion became smaller on one of the hills and incréased on the. other hills,
starting at a radius of about 5 inches, An examination of the field measure-
ments showed there was a‘magnétic'bump, possibly as large as 3 pércenty or '
"the hill éf smailést se?aratidn, and orbit plotting showed this could pro-
duce the observed effect. Rather than reshim the.poles, the first harmonic
was reduced by increasing the field at the same radius, but at an azimuth
180° away. An iron bar 2 in. x 2 in. x 12 in, placed on end on the top poic
seemed toﬂproduce the desirad result, and the orbits remained centered as
they increased through this radius. At 9 in. or thereabouts, depending on
the triant voltage, the change in radlus per revolution was small enough thau

the radial oscillations caused the turns to overlap, and only the vertical



“Sly= UCRL-23L); Rev,

and rédial'extent of the beam could be éxamined at the larger radii. Be-
yond 9 in,; that is, at radii at which there was'no possibility of seeing
separate turns, it was found that spots of beam were still observed on the
flgorescent probes. The orbits were well centered and therefore of the
propef.energies, 80 that these spots muéi be interpreted as beam bunching
bec;ﬁse ofvirregularities in the magnetic field.

The frequency of radia} oscillation could not be measured and conse=
quently the radial restoring force is unknown. In thé initial operation, the'
beam lapped back on the probe up to 3/L in., but'as the magnetic field was
| improved it became possible with a careful tuneup'to obtain a beam with a
maximum radial extent of 1/16 in. on the fluorescent probes,‘indicating a
small amplitude of radial oscillation.

Sevéral electréde_configurations were tried that gave strong off=-
centering forces to the orbits, and in such cases one would expect to see
the radial amplitude of the beam considerably increased. For example, with
the single 90o electrode, apparently normal orbits'were found out to abéut
.9 inches fadius. Beyond 9 inches the radial extent of the beam on a fluores-
cent prébe grew from 1/l inch to 3/L inch. Under these conditions the or-
bits were qentered at large radii by adjusting the currents in the hill and
valley coils. No attempt was made to preserve the axial focusing at large
radii with this arrangement. |

ggam Energy Determinations

The maximum energy of the externgl bea@ was measured in the first
months of operation by the production and absorption of x-rays, and,was found
to éorrespond to that predicted for electrons whose outermost stable orbit
was at about 16 inches., Later, the circulatiﬁg current was measured as a

function of radius for different'thicknesses of shielding, and when the
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results did not seem consistent with those expected from the predicted trans-
mission of electrons through Al as a function of energy, there was some con=
cern that the current measured might have a large energy spread.

- One device proposed to measure the energy at any radius consisted of
a small electrostatic spectrometer mounted on a probe; Peaks could be ob-
tained but the resolution was very poor. No further work was done along
this line,

Later the circulating and spill beam currents were measured with
probes covered with two different thicknesses of A1, The current recorded
on a probe covered with three layers of Al leaf (OahS-mg/me) was twice that
on a probe covered with 1/2-mil Al (3.5 mg/cmz), but the ratio of spill beam
td circulating beam was independent of the thickness of tﬁe shielding.

Shortly after this it was possible to examine the circulating beam
turn by turn over the first 9 inches; and:discrete:orbits were found. In
consideration of this finding together with the measurements of the pre-
ceding paragraph, it was concluded that no very large spread in the beam

energy could exist,

Beam Extraction

The beam did not leave the cyclotron at all azimuths, but rather iu
the vicinities of the hills., Figure 23 shows some typical trajecteries.
These trajectofies were determined in two ways: (a) with pinhole cameras
v containing.photographic film inclined at a siight angle to the median plauc.
so that it was possibie to measure the direction of the trajectories at an,
points and (b) by casting shadows on surfaées covered with fluorescent

material,
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The detailed behavior of the spillout begm was dependent on the con-
figuration of the magnetic field at large radii, which was changed from time
to time; but the general behavior can be described as follows: The electron
trajectories expanded around stable orbits until the fiéldvbecame incorrect
owing .to the proximity -to the edgés of the poles. In this machine the field
on top.of the hills began to weaken at a radius of about 15=1/2 inches.,
Within a few turns, the particles had obtained a large radial camponent of
motion and left the pole gap on.the near sides of the'hills,‘in genéral over
about 30° of azimuth preceding the center lines of the hills. No electrons
- emerged on the far sides of the hills;, but some électrons outside the poles

(uip t0.1/8 iﬁ,) did not break away from the poles until the next hill,
The.siﬁuationican be summarized:by'saying that the circulating‘beamvsprayed
out of the’maghine a@-three-well defined azimuths, and after breaking away
f;om the poles, each group diverged over a horizontal angle of roughly‘90°,
thé outer edge of the spill beam being sharply defined.

As regardé vertical motion, the "Thomas" focusing was weakénéa*at
'15-1/2 inches, but the fringing fieid at this point (on the hills) in£r0=
duced some additional vertical focusing. The result was that the axial
amplitude grew somewhat on the hills and even more in the valleys just be-

" fore the .éiectrons spilled out, the valley amplitude being about twice that
on the hill, The radial extent of the region of increased axial amplitude

was 3/16 ino in the valleys. As the electrons passed through ﬁhe valley for
the 1astbtime and out from betWeen;the poles on the near side of the hill théy
ﬁere very strongly focusedvverticallyg' The appearance of the spill beam of
course depended on the form of the external field. With the large coils ori-
ginally used, the field immediately outside the poles was not changing very

rapidly ; the spill pattern at the top of a hill appeared as in Fig. 24, The
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Fig. 23 Some Trajectories of the spill beam
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Fig, 2y Spill pattern with large coils,
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ZN=725

Fig. 25 0Spill pattern with pole-size coils
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radial extent of the pattern on the probe was 3 inches and the minimum
vertical height was 1/ly in. In the case of the pole diameter coils;, the
field fell off'%er& rapidly just outside ﬁhevpoles and: the spill beam was
.much more strongly focusedvvertically, An example is given in Fig. 25,
where the maximum vertical extent'is 1/2 in. full scale and the length

_is 2 ino This was also taken on top of one éf the hills., Both patterns
start en the left at 16-1/2 inches radius, with larger radii to the right.
Fig, 25 is a poor example of\this:particular pattern, in that it was taken
under conditions of a rather p;or tuneup., In general the diffuse back-
ground was absent and only the bright portion appeared,

- The spill patterns from the thrée hills of this cyclotron were simi-
lar-=but not identical--in both appearance and magnitude. An important dis-
covery was’ that the beam could easily be made to come out chiefly on one
hill by slightly modifying the -magnetic field at large radii. In an ordin-
ary cyclotroh theiorbits walk toward regions of stromger magnetic field but
in this machine the orbits moved toward regiﬁns of weakened'fieldo By

-either a slight decrease in the magnetic field on one hill or a slight in-
crease of field iq»phgwoppggitquallgy,‘or both, the electrons could be
made to spill almost entirely on the hiil in question. This tould be
achigved 5& changinglthe currents in the C-term coils, the maximum magnetic
fiel@ change occurring at the lérgeSt radii and amounting to nearly 10 per-
cent., The effect should be to reduce the axial focusing at the same time,
but this was not particularly noticeable,

Considerable effoftvwas devoted to an attempt to bring all the cir-
culating current out on one hill. In general, one would expect that the C-
term coils should be set up and then left untouched, and that the necessary .

fieid modification should be accomplished by some other meané, so at times
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auxiliary coils were used to optimize the spillout. But because the axial
focusing did not appear to be affected much,'theladjustment of the C=term
coils was of ten the method used; : . -

There are two main questions of interest herez First, how_much of

- the circulating beem gets out of the cyclotron, and second, how much of the
spill beam can be intercepted outside the poles over a regioh'emall enough
that it may be focused and collected in a single spot.

With a careful tuneup of the auxiliary coils it was possible to get
nearly-all'the circulating beam out of the cyclofron,z_From visual inspec-
tion with fluorescent material painted on the surfaces the beam would most
likely strike; it appeared that no electrons were hitting the pole faces,
In a favorable tuneup 93 percent of the c1rcu1at1ng beam: at 14=1/2 inches
radlus was- collected outside the poles on one hill. The clrculatlng beam
was driven rather badly off center under these conditions, Further at-
tempts-to extract the electrons without disturbing the circulating orbits
will be described later.

Consi&ering_the second point,; most of the spill beam came out on
the near side‘of one hill, Some beam came out on the followiné hill, and in the
intermediate valley. OSeveral attempts were made to put this on.a more

.quantitatiQe basis with varying results, but in general 80 to 90 per@ent

of the electrons came out in the few degrees preceding the center/line of

the hill and the remainder in the next valley and ahead of the next hill.

The simplest method of determining this beam dlstrlbutlon was to set a hi'”
probe; say the 2u0 probe;, at the edge of the pole., It was determined fr -m
shadow. measurements that all beam intercepted by Lhe probe in this position
broke away from the poles. The 250O probe was then run in radially until the

2L,0° probe current began to drop. The current to the 2L0° probe was then
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80 to 90 percent of the sum of the two currents. More elabecrate methods of
measurement were tried but without any apparent improvement in reliability of
results. A typical example follows: The beam was brought out on the 21,0°
hill. No spray beam existed beyond the circulating beam at 6009 12009 and

o X . . .
180", The outer excursion of the beam for various azimuths wass

0 o}

6+ 0° 60 120 sh 180 2ho
R : 15-5/8 in, 13 in, 15-=13/16 in. 13-5/8 in, 20-1/2 in,
The 250° probe was at R = 16=7/32 inches,

The auxiliary coil settings weres

W O A\V ‘
COIL 13 in.| W=1/2 inJ 15 inJ 0%H]60% | 120 H|180% | 2L0%H | 300%V

ey e R e  —— TR .
= e T e e =

UPPER (ma) | 9 13 23 f370] o | 115 | <hoo | o | -225

LOWER (mg) 12 11 : 7 6701 0 250 =225 | O =225

With a peakﬁ voltage of 250 V on the 600 triants, the current to the
2&60 probe was 9 cm and that to the 250° probe was 1 cm on the galvaﬁometero
(Measurements of spill beam were reproducible from one probe toranother with-
in a few percent. Measurements of circulating current varied up.to 10 per-=
cent from one probe to.another, presumably because part of the current was
lost in the insensitive area at the probe tipo)J A furthér improvement in
the percentageAéf the spill beam that could be collected on one hill was
made with coils installed on the upper .and lower pole surfaces at the hills,
These extended 3 inches on either Side of the hill center line and were-1l
inch wide, extending froﬁ 15-1/2 inches to 16-1/2 inches, The purpose of

these coils was to adjust the magnetic field over the last few orbits, and
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.;th them it was possible to make 98 percent of the spill beam leave o
ore hill, In this case, 80 percent of the beam circulating at 15 inches
could be.collected outside the poles:A

‘Once it had been shown possible to get most or all of the electrons
which gqt out of the cyclotron to spill from one hill, an attempt was made
to focus this external current into a parallel beam. It was felt that not
much coula be done to the portion of the spill beam nearest the poles; so
phe magnetic field external to the poles at 2h0o was: increased in such a
way as to turn the outside edge of the external beam through a sufficient.
angle to make it parallel to the inner edge. Fig. 26 shows the shim that
was added; the gap was the same as at the edge of the poles. On the draw-
ing are shown some of the electron trajectories before (dashed) and after
(solid) this shim was added. (The external distribution was similar but
not identical to that of Fig. 23, ) The appearance of the spill beam at
210° and 2700 is sketched in Fig., 27. The beam was not parallel but the
axial focusing was satisfactory. From shadow measurements it could be
seen that most of the beam between 16-1/2 inches and 17 inches at 350°
was directed gack into the cyclotron; and'from curreﬁt measurements it
appeared that this beam was lost into the pole faces before completing one
.revolutiona.'

First one and later two coils were taped to the gap éurfaces of the
2).1.0o shims to modify that field, Some improvement was made in both axial
focusing and azimuthal distribution, but very little work was done along this
line. While modifications were beiﬁg made in the 2&0O shim, a wedgé=shaped
magnet was installed near the pole.in the region of the 300° valley to focus
the external beam into a spot. The useful acceptancé area was l.inch high

and 6 inches wide; the fraction of the external beam that went through this
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mégnet was unknown, but from fluorescent measurements it was clear that a 
neither verticalxnor horizontal aperture was quite 1ﬁfge enough. Of the

beam ﬁhich was transmitted; part couid be focused into asharp vertical line on
a fluorescent surface 6 inches away, while the rest made a diffuse back-
ground, No current measurements were taken.

One meﬁhod‘proposed for.extracting the beam withoﬁt uncentering the
stable orbits was to extend two of the hills radiall& without changing the
other, in the hope that the electrons would more or less suddenly find them-
selves in a region of weak magnetic field and leave the poles., To this end;
two of the hills were extended radially 1 inch for h9o in each direction from
the center lines. As a result the beam emerged preferentially from the un-
modified hill, but some also came off the other hiiiso The distribution of
spill beam was similar to that previously obtained. There apéeared to be
ﬂo improvement from this crude try, but a later investigation somewhat
along this line with a more carefully planned magnetic field distribﬁtion
gave encouraging results, ’

Membeps of the magnet group examined the displacement of thé'tra=
Jectories cauéed by various assumed perturbationﬁin'thé magnetic field and
were able to produce on paper é magnetic field configuration through which
the spill beam emerged with quite small angular divergence in both the
axial and horizontal directions; and which broke away from the poles rather
sharply. The method by which this field ﬁas deéigned was to assume a con=-
figuration and plot the trajectories-of eiectrons entering the perturbation
under a number of assumptions as to énergy and angular and radial displace=
ments., The trial field was then modified to také care of particles that

went astray and the whole process was repeated.
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This is clearly a very difficult aﬁd lengthy business, and there is
no way to tell if the assumed initial conditions are typical of those Which
actually would exist in the cyclotroﬁ; In addition, the proper techniqug
to be used for drawing the trajectories was in doubt and each draftsman
varied the method slightly to allow him to check with a calculated stable
orbit. Before the magneticbfiéldvshaping was actually carried out, it
wés generally agréed‘that the spill distribution‘wouldvprobably_have a large
aéimuthal aivergehce, but that the quantitative distribution might show
some improvement. | | -

To facilitate machining and.sﬁbsequent changes in’the field design,

a large chunk of iron was cut from the upper and lower Oo‘pole tips. The
cuts were then fiiled with iron to make the geometry of the pole faces the
same as before., The magnetic field was not measured but the cyclotron was’
operated before further changes were made and the behavior seemed identical
to that before the poles were cut. A crude version of the iron configuration
necessarylfo produce the design field was modeled and

the channel shown in Fig, 28vwas cut into the upper and lower poles‘of'the

0° hill, The maximum depth of the cut was 1-3/l inches, the bottom of the
channel being parallel to the median plane.

The position of the smalinradius edge of the cut was supposed to
correspond to the 6utermost_stable orbit (15 inches maximum radius) between
333°% and 0°, Following the 0° hill the electrons in stéble orbits were in- -
side the cut. The prediéted (and observed) behavior of the electrons can
be described as foilowsz The electfons,entered the channel (from the left
in Fig. 28) and found themselves in too low a magnetic field., As a result
théy were at too large a radius (compared to the stable orbit) on the 120°

hill, at too small a radius on the 2h0° hill; and when they returned to the
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0° hill were again at too large a radius and-=more important--were inclined
outward at an angle from the stable trajectory. This process was regenera-
tive and the radial oscillation quickly increased until the electrons flew
out of-the cyciotron°

The channeled pole tips were replaced and a beam quickly obtained.
The fesult was not very encouragings beam sprayed out more or less uni-
formly over the whole sector from 0° to 120° with some beam leaving at o’
at a very sharp angle. The cut had also modified the field at smaller radii,
as mighf.be expected, so that beam, which was well centered, had radial
oscillaﬁions up to 1/2 inch before entering phé channel,

The magnet field clearly needed considerable modification and as
no field=measufing device was available, the quickest empirical way to
determine some of the necessary changes in the iron seemed to be by the
Vuse of an electrolytic tray. This method is appliéable if the magnetic
material used in the cyclotron can be considered to have infinite permea-
bility. The geometry of the cﬂannei was set up and the field calculated
~ from the measured equipotential lines, The result was in good agreement
with that obﬁéined from the model magnet work, With this technique, shims
were designed which restored the magnetic field at radii smalier‘than the
channel radius to something like its previous value. These shims were in-
stalled, and improved the appearance of the circulating beam without af=
fecting the distribution of the spill beam, |

There was some feeling that the channel would work considerably
" better if the field could be made to fall off more rapidly at the transi-
tionvradius into the channel. To investigate this, all the iron on the
outside of the channel was cut away (Lip of Fig. 28). The rat%o‘of spill

*urrent between O? and 60° to that between 60° and 120° was improved
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considerably; although the angulér divergence of the spill beam was largero
A new outer edge of the channel was then inétalled,(i?igo 29), This channel
was considerably wider and therefore ‘gave a larger gradient along the edge
of the-chénnél, and also ﬁas supposed to reduce the angular divergence of

the beam. With this configuration the following typical set of data was

obtained:
Circulating current at 14-1/2 in, 0° 60ecm (Lem =5 x 10~ amp)
Total spill beam , L9 ém
Spill beam on the 120° probe ¢ 5 em

Spill beam found at radii of

20 inches or more over the L5 em

azimuth range 0° to 60°

In short, something over 80 percent of the circulating beam was ace-
counted for outéide the cyclotron and 90 percent of the spill beam was at
a radius of at least 20 inches over the azimuthal range,Oo to 600o The
outer limit of the beam at 0° was 17 inches and at 30° was at 22 inches.
A1l electrons at a radius of 16 inches or more on the BOo’probe.wgre in-
-cluded in the Oo to 60o figure given above, One could conclqutthq;‘chg
siderable,proéress had begn made in breaking the beam away from the pples
but that the angular divergeﬂce was still very large.

One might expect the magnetic channel to be poorer than predicted
if the inner edge of the channel did not (magnetically) correspond to a
stable orbit, Aside from actually trying'a variety of iron configurations,
there appeared to be two ways to investigéte this point. First, the posi-
tion and direction of the largeayadius orbits could be changed considerably -
by adjusting the distribution of currents in the C-term coils. Also the-

maghetic field along the inner edge of the channel could be adjusted with

current-carrying coils along the lip. Four sets of coils were distributed
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along the lip of the.channel, at the upper and lower pole surfaces. In
addition a coil ‘was wound around the iron which formed the outside of the
channel so that the outer excursion of the beam could be controlled., All
these coils had an effect on the azimithal distribution of the spill beam,
ppt_wifh the exception of the coil that adjusted the trajectories of the
outside edge of the beam, the aﬁove_measures only served to worsen the
spill distribution, |

As the beam that spilled toward the 120° hill. passed through a large
region inside the pole gap but outside the circulating beéﬁ, it seemed pos-
sible to increase the field in this region and so keep these electfons ine-
side the éyclb£ron for another revdlution, after which they could make
.énoﬁher pass through the channel, To this end several coils were distri-
buted over the ﬁpper'and lower pole suffaceso While the experiment was
exceedingly crude, the results were encouraging, and it was felt that fol=
lowing some careful trajectory plotting it would be possible to shim the
magnetic field in this region to spill all of this beam in the desired
direction., The possible vertical defocusing with'sﬁch a field has not been
~ considered. -

Somewhat alorg the above line was a short empirical investigation of
the possibility of accomplishing the same result by adjusting fhe magnetie
field over a relatively small region follqwing the magnetic channel, Such a field
,distfibution probably would not be as satisfactéry as the more extensive field
adjustment suggested in the previous paragraph, but still might serve to
bring a larger fraction of the electrons out in the desired direction. To thiq
end,‘mu=metal strips were placed on the pole surfaces over the azimuth range |
of 25°»t0 hOo at such'radii as wefe necessary to bring the beam spilling near

o
120 around for another try at the channel. Metal was added and subtracted
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at first according to shadow measurements, gnd finally by measuring current
distributions. A coil was wrapped around the shim to allow the field to be
varied up to 10 percent. Later an édditional shim was installed closer to
thé Oo'hiil° The final field configuration is shown in Fig. 30, Before the
channel was cut the field was symetrical across the 0° hill line. The verti-
cal aperture in the shim closest to 0o° was 3/4 iﬁ, and in the other shim was
1.inch. No electrons hit the shims,

The horizontal distribution of the spill beam is shown in Fig. 30
g;ong with the appearance of the beam on a vertical fluorescent plate.
Eighty percent of the.spill beam fell in the regionv"A" with the rest near-
er the poles, It should be noted that there was considerable ¢ro§sfire in
the horizontal plane, i.e.,, there was no single horizontal source point for
all of the beam.,

When a probe waé inserted at 110° the circulating beam was picked up
- at'13 inches., A considerable.amount of beam_was in the range 13 inches to
15-1/2 inches; froh there out there was no measurablerr visible amount.

The field produced by the channel and shims was defocusing for some
of the trajectories being recycled for another tﬁrno Shadow measurements
indicated that some of the electrons of this type would be lost into the
pole faces. ‘Currept measurements; which were accurate to about 10 percent,
showed that within the accuracy of the measurements all of the recycled beam
came out of the cyclotron. The current récycled’bﬁ the shims amounted to
20 perceht of the total spill beam.

Threshold measurements showed that the channel cut had considerably
affected the internal action of the cyclotron. The threshold for spill beam
at 14=1/2 inches had been.réised to about 200 volts, and the radial and

axial oscillations were much larger. Just before reaching the spill radius
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Figure 30
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the beam completely filled the gap on the hills, . Under these conditions

80 percent of the beam circulating at 1k inches could be made to splll and

80 percent of the spill current could be collected in the region AB of Fig. 30.
vIt is expected that this result could be considerably improvedo On

the other hand, it does not seem possible to say whether the end reeult

would be better than could be obtained with the rather simple focusiné de=

vise shown in Fig,,26o in both cases it appears that one could expect to

concentrate most of the circulating current in a fairly small area some

‘distance from the cyclotron.
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APPENDIX

I Choice of the Constants Used in the Magnetic Field Expression

The material in this section consists of fragments of the theoretical
investigation of L. H. Thomas as extended by D. L, Jﬁdd.

Consider motion in the plane of symmetry with no electric fields act-
ing, Take the magnetic field to be of the form:

MO wC 2

4 C (3%3)3 cos M@

+ D(—“%——r b, J

where M is an arbitrary integer. It can be shown that M > 3 gives orbital

H, (r,8) =

wr wl
Py [l*'ﬁ(—a—) COSM@"'B(_&"’)

stability over a finite range of energies, This expansion is fairly general,
but is of course not the only possible one. and has the limitation that it does
not converge very rapidly for large-particle velocities. To decide upon ﬂhe
constants, it was first necessary to find a way to mathematically describe the
stable orbits., Then these orbits were required to satisfy the "resonance con-

dition" that the periods of all stable orbits should be the same, namely 2 w/w.
a2 '

2 w2 5

out to be a function of A and C, F = F(4,C,E), etc. The higher the velocity

Prom this requirement it is found that B = o OSimilarly D turns

of the particle, the more important are the higher-order terms in the expansion,
Expressions were then obtained for the axial and radial restofing

forces in terms of the constants A, C, E, etc, The restoring forces are

proportional to the squares of the frequencies of axial and padial oscil-

lation, As has been mentioned in the report, the radial oscillations be-

éqme unstable when d)r’ the ratio of the frequehcy of radial oscillation to

the frequency of the orbital motion reaches M/2, so that in the region of
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acceleration one requires Myr < M/2, The veldcity at which the point of

°Dr = M/2 is reached decreases as A increases,. The curve of 7)a, the

ratio of the frequency of axial oscillation to the frequency of orbital motion,
also rises more steeply for larger values of A. It can be shown that for 79a
to be positive, it is necessary that A > 1,115 in a cyclotron with an azi-
muthal periodicity of 3. To decide on a value of A one then chooses a

value as much greater than 1,115 as is possible without reaching the point
where -@r = 3/2 before the particles have been accelerated to the desired
energy. In the elecffon‘model the value A - 1035 was chosen as a.reasoﬁébié
compromise, The value of B then turns out to be 0,272. If no higher order
terms are incluaed qja falls to zero at v/c = Ooll, Figure 31 shows the

way in which 7)a varies with the choice of C, As the amplitude of the
oscillation is proportional to ( 1)3)“% (according to the adiabatic theorem),
it would be.expecﬁed that at about v/c = 0.38 the axial amplitude would

grow rapidly; when C = O, This corresponds to a radius of 13 inches, and

~ such a phenomenon was observed to occur at this radius,'before the theory

had been developed past the A and B terms.

The outermost stable orbit in this cyclotron corresponded tovv/c = 0,U6,
For this value of v/c the choice of E and higher-order terms has little effect
on the axial amplitude,

The point of radial instability was not reached with the coefficients
used,

It is interesting to note thatgﬁhe ékial oscillation frequencies cal-
culated fér thé electron model are very close to those existing in the Berkeley
184" cyclotron,

No transfer of energy from radial to axial oscillations, such as occurs

in the 184" cyclotron at n = 0,2 was predicted or observed.
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IT Energy vs. Radius

The expressions relating energy and radius in a cyclotron of azi-

muthal périodicity three are given below:

EaMc® | =ty -
[¢] ,,193.

f =2 (L+g, tg *.)

c

‘ 2
where g, = 0.03516 A2 ( ac(‘))

'su - {’0n02637 32 = 0,00120 &% + 0,07031 4 € (= X

r=a(l+fy +fp+ L3+ ...)

s ®

" ,
where £, = 0,125 A (_ia@;) cos 36

£, = 0.00658 A2 (_EEQ_f cos 60

£3 = J-0,0081 4% - 0,04688 A + 0,01250 c} (-?-E‘sl)B cos 36

£, = Eooooooz &> - 0.00486 A% + 002671 A ?)z cos 66 .
~0,00010 2 cos 129] '(;i.%?_.)LL

’

For A= 1,350, B = 0,272, and C = 0,500, electron energy vs. the

maximum radius of the stable orbit; i.e., the hill radius, is plotted in

" Fig. 32, Also shown is the change in energy at 16 inches if C is changed

from 0,5 to O,

III The Magnetic Field Produced By The C-Term Coils

The C-term coils were designed to produce a magnetic field corres-
ponding to C = 0.5 when energized with a total of 500 ma in each set
(upper plus lower) of coiléo. The detailed shape of the field actually cre-~
ated by such currents was ne?er measured, but at the completion of the pro-

Ject a few spot measuremenés were made which indicated that at the azimuths
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investigated the magnetic field was within a pércent or.so of that desired:

_ ' 2h0° Hill : At a rédius of 12.5 inches the magnetic field should the=-
oretically be raised 2.1 percent with 500 ma in the C-term coils. The
lmgasgyed.difference was 3.2 percent. At 15,5 inches %he theoretical andl
measured fields were 35& percent greater than with only the A and B terms
in the expansion,

N The shape of-fhe field as a function of radius for C = 2,00 is shown
;Q_Figa 33, The ekperimental and.théoretical fields are normalized at 12.5 .
inches. |

_600 Valley ¢ At a radius of 1L inéhes the field was reduced 9 per=-
cent by passing =500 ma through the C-term‘coils, The expectedvchange had
been 10,9 percent. The valley field as a ?unction»of radius for C = 0,680

is shown in Fig. 3l.

IV Operating Conditions For Threshold Beam With Good Axial Focusing

The following are the operatiﬁg settings found for a threshold volt-
age of 60 V with the 60° triants. Under these conditions the radial and
axial‘focusiﬂg were such that the extent of the beam on a fluorescent probe
was never morg’thén twice the value at 5 inches: 3/32 in. x 3/32 in, No
beam waé‘lost to the pole surfaces.

The spill beam was observed on the 120° probe.

Peak triant voltage: 60 V, Phésés 120°

Main field coil current: 1.19 amps.

Total filament emission: 1,0 ma

Source injecting at a radius of 2 inches at an energy of 1.25 kev,

Tank pressure: 2 x 107 mm Hgo
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- WAGKETIC FIELD AT 60° (VALLEY) |
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Auxiliary coil settingss
Coil  3in. khin. 5in. = 6 in, 7 in, 8 in, 9 in, 10 in,
Upper =280 70 25 h2 -3k 28 38 I8
(ma) - | '
Lower® -390 210 = 12 38 -7 66 65 LS
(ma) .

Coil = 11 in, .12 in, 12-1/2 in, 13=1/2 in. 1k in., 14=1/2 in, 15 in, 15-1/2 in.

Upper =70 50 -33 56 - 250. 17 =170 -18
Lower =107 = L5 35 62 200 -10 ~125 150

Coil  O°H  120°%H 2L40%H 60°V 180V 300%V

_Upper 200 130 1180 =290 =700 34

Lower 250 110 . 9LO =150 =620 <11l

The azimuthal position of the source was unimportant.

The first hérmonic‘at 5 inches and 2140o was reduced by placing a 2 in,
x 2 in, x 12 in, gar‘of spftvirOn on the exfernal surface of the top pole at
5 inches~and'50°,-with the iong axis vertical,

NOTEé The fields- produced by the auxiliary coils are giveh by
H = ‘amp turns .
'o°b?r &8Pem -

with an accuracy of about 15 percent (exptl.).

s,
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