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ABSTRACT

The design, comstruction, and developwent of the 86~inch
fixed-frequency proton cyclotron are described, Unusual fea-
tures of the machine are the vertical suspension of the dees in
& horizontal magnetic field, the high proton beam energy obtained
by the use of high rf potential on the dees, and an internal pro-
ton beam current exceeding one milllampere at 23 Mev. Major
problems encountered were the control of "iom loading®™ in the
resonant system, obtalning maximum energy, and the development of
adequate targets, Design and construction began in August 1949.
Within two years the proton beam power exceeded 30 kw.
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The need for a cyclofroh in the QOak Ridge ares was fifst discussed as
early as 1946, The absenée of high energj accelerators at the Oak Ridge
Eational»Laboratbry or at nearby Southeru universities emphasized the desir-
ability of the Oak Ridge location. The availability of large magnéﬁic and
vacuun components from the Electfom@gnetic Plant simplified,the_planning of
a cyclotron and fagili%ated its fabrication.

Aﬁter evaluation of several possible systems, methods of assembly, ané
locations it was decided to construct a fixed-frequency cyclotron to produce
25 Mev protons and to install it in an existing building in the Y=-12 area.
Formal étarting of the project dated from August B, 1949,

The cyclotron is unigque in many respects. The orientation of the
magnetic field is at right angles to that in conventional machines, the median
plane being vertical rather than harizontal. The U-shape of the magnet gives
direct access to the top of the vacuum chawber and permits the use of an over=-
head crane for transferring the assenbled dee system. High‘dee—to—dee poten=
tials, 300~500kv, are achieved with a single-tube, grounded-grid, self-excited
oscillator. Oscillator starting difficulties due to "ien léading” are voided
by the use of insulated negatively-biassed dees. Large capacitive coupling
between the "shorting spider"” and the liner is unnecessary due to system which
provides for balancing the dees with high precision and thereby preventing
the existence of large "unbalanced” currents to the liner. Intense induced
radicactivity in the dees is avoided by lining them with thick graphife,plates

and covering the leading edges with graphite.




Construction of the cyclotron reguired approximstely one year; ground
was broken for the magnet footings Sepheuber 21, 1949, and the machine was
ready for tgst operation the following September. The first proton beam was
observed Fovember 11, 1950; by the erd of the yesar a beam of a few microsmperes
had been obtained at 20 Mev; and by September, 1951, currents above ope milli-
ampere'ax 20 Mev had been relisbly recorded.

Continued cyclotrmnedevelopment has resulted in marked improvements in
stabiiity of operation and in larger proton currents. As this report goes to
press, June 1952, steady performance has been cbtained for 1.2 ma at 23 Mev,
with peak performance at 1.8 ma at 23 Mev.

The cyclotron is now being uséd,in the investigation of radiation effects
on materials, for productiop of radicisolopes, and for experiments in basie
physics. The future program calls for increasing the beam current ;ntil some
basic limit 1s established, developing targets that can asbsorb the beam power,

and further improving reliability of performance.



GENERAL DESCRIPTION

The 86-inch cyclotron was designed to produce a high pi‘ot-on current to
an internal target at an unusually high energy for the fixed-freguency type
of machine. An energy corresponding 4o a 2.6% relativistic inerease in iaass
is achieved by the use of large rf potentials on the dees, Large ion currents
are obtained from a newly developed ion source and are focused by an appropri-
ately shaped magnetic field. An éscillai;or of high output, a dee system of
large thermal cspacity, end large water-cooled targels have been designed to
accommodsate proton beaw power exceeding 30 kw, Probon energies up to 25 Mev
and pro'ﬁon beam currents approaching two milliamperes at ~ 23 Mev have been
obtained. |

The four wagpnet coils mounted in a U-shaped yoke are wound with 3% by
0.42" copper, 174k turns each, and oil cocled, The verticael arrangement per~
mits the use of an overhead crape for hendling the internal assemblies,
Figure 1. The vacuum system comsists of three 20~inch oil diffusion pumps,
each equipped with an 8-inch booster pump, exbausting to a common header and
backed by a 15~hp mechanical (Kinney) pump. The totel pumping speed of the
system is 15,000 liters per second at 0.03 microns,. |

The oscillator is of the grmmded—-érid, self-excited type using a
single Federal 13k tube rated at 150 kw plate dissipation. Facilities are
available for the use of a second tube if power requirements should make it
desirable, A dee-bias system, in which a negative 1500 volt potential is
applied to the insulated dees, is used to overcome the "ion loading®™ diffi-
culties usually experienced with the self-excited oscillator, Very steble

operation is achieved; the ogeillator can be safely turned on at full power,
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The dees are permanently attached to the quarter-wave dee stems ‘a.nd in
turn attached to a copper-plated stainless-steel framework, Figure 2. This
dee asgsembly rests upon four stand-off type insulators. A 750 puf capacitance
inserted in the plate transmission line further insulates the dc biased system.
Heavy silver-plated copper clamps joining the shorting spider to the dee stems
successfully carry very large rf currents, The ion source is mounted on a .
long stem inserted through a vacuum lock in the cover of the vacuum chamber.
Targets are inserted through a large vacuum lock at the bottom. The liner,
dee assembly, ion source, and target are all supplied with water-=cooling cir-

cults.

Cyclotron Instellation

A study of the buildings of the Electromasgnetic Plant, Y-12, available
for cyclétron use resulted in the selection of Alpha Process Building 9201-2.
This bullding had been in "standby" condition since 1945. There was ample
spacei for installation of the cyclotron magnet at the west end of the building
and for' associated equipment and work areas in other parts of the bullding,
Figure 3. Facilities in standby which could be adapted to cyclotron use in-
cluded cranes for handling heavy equipment, a motor-generator set for magnet
power, a system for magnet cooling, numerous large dc power supplies, large
vacuun pumps, de-lonized water supply, and the ususl building lighting and
pover clrcults, water supply, and heating and ventilation equipment.

The cyclotron magnet is locé.ted in a pit formed by digging through the
ground floor to bed rock at the west end of the buildipg. At this location
it was possible to provide a 45! by 39* by 40' space for the cyclotron and
its shielding without disturbing major installations in the building. The

magnet was assembled from four magnet colls moved from a Beta process building
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aund a 250 ton U-shaped yoks. The cyclobron pit is swrrounded with concrete
sbielding walls and roof five feet thick. Recof blocks can be removed £0 Dere-
mit moving the vertically suspended dees°' Mbrmal access 10 the plt is through
an entrance maze on the east; the emergency exit 1s at the north.

A wmagnet motor-generator adjaceunt to the cyclotron area, complete with
starting and regulating eguipment, was veadlly adapted for vse. The necessary
vacuum, waber, dry air, oil pumps, and cooling tower Tacllitles were reactivated
and modified as nseded., Instruments for wmonitoring these ubilities are mounted
on a central papel adjacent Lo the cyclotron pit at the groumd [loor level.

The top of the shislding surrounding the cyclotron extends through ﬁhe
main floor level. Two bridge-type, averheaﬁbcraneﬁ, cach baving & 20 and a
S5«ton hoist, are available for woving shielding blocks and other heavy eguip-
ment. TIn the c&nﬁralipart“of the bullding a servicing area snd swsll wachine
ghop ig provided for the asserbling and repalring of cyclobron pevts, Speclal
platforms and sligmwent Jigs havs been installed there for handling the cyclo-
tron dees and liner. The overkead cranes have access to this area as well as
to an opening for rallroad cars ab the esast end of the building., Twenty Alvha
povwer suppliess lan the southwest calubron coptrol room havs been paralleled to
provide de power to the cyclotron oscillebor. An electronlcs shop has also
been established in this area.

The waln control roor is in the soubh central pert of the building,
adjacent to the power swilbchboard; there is slso a comtrcl station in the pit
for testing purposes.  Cyclotron crew offices are edjascent to the control room,
Administrative apnd engineering oiffices are st the northeast covner of the
bullding, ome flight up from the wmalin floéra A chewmistry laboratory for
handling target materials and a couniing laboratory are in this same corner

of the bullding, at ground floor level.
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The west half of the bullding has been designated as a hazard area.
Safety fences across both floors and outside around the west end of the
bullding prevent unauthorized access to the cyclotron.

Design, fabrlication, and installation of the cyclotron was accomplished
by local personnel. Only the vacuwm tank was fabricated by an outslde cop~

tractor,

Specifications

The specifications of the Osk Ridge cyclotron were determined by the
cbjective which was to obtain large proton currents at an energy above 20 Mev.
It was believed desirable to operate at as low a frequéncy as possible because
of the larger amount of englneering information avallable for oscillators in
the region below 15 megacycles/sec.

A preliminary review ¢f the problem of obtaining high rf voltage in a

system using the availsble electromagnetic coils resulied in the following

specifications:
Diameter of pole plece 86 inches
Maximmm proton energy 25 Mev
Expected proton current 1 nma
Dee~to-dee potential 300 kv to 500 kv
Orbit radius at maximm energy 33 inches
Megnetic field (resonance)- 8790 cersteds
Resonant frequency 13.4 me/sec

Further study and wmodel testing led to the selection of additional

specifications:
Minlmm magnet gap after shimming 17.5 inches
Radial decrease in field 2 % in 33 inches
Maximum azimuthal variation Q.2 percent
Radius of dees . 35 inches
Thickness of dees 8 inches
Gap between dees 4 inches
Dee~to-liner clearantce ’

(on flat surfaces) 4 inches
Distance from peripheral surface
of dees to liner T inches
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Preliminary calculations on the design of the rf system provided the

characteristics below;

Dee stems (balanced shielded lime, 1/l wave) 5.2 feet
Effective dee capacitance 176 puf
Q of resonant system, unloaded 12,300
Q of resonant system, loaded 3,700
Maximum RMS current at shorting spider 5,600 amps
Plate line (resonant 1/2 wave) 21.1 feet
Filament line (resonant 1/2 wave) 28.3 feet
Resonant voltage amplification 16

Cost

The total cost of comstruction and preliminary testing of components
of the 86-inch cyclotron was approximately one-half million dollars., The
cost analysis 1s given in Appendix A. No costs were entered for equipment
already available in Y-12, such as magnet colls and power supplies. The
major costs incurred were for erection of the concrete shilelding and of the

wagnet .,
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FIXED FREQUENCY CYCLOTRON THEORY

In the late 1930%s the baslc theory of the fixed frequency ¢yclotron
was esteblished in the papers of M. E. Rosel and R: R. Wilson.z In the next
decade the theory of synchrotrons showed theat the effects of phase groupingB
at the center of the cyclotron had.been<overlooked and that this had led to
erronecus conclusions on lon wmotion in the cyclotron. Recent work at ORNL
has incorporated this phenomenon and has made use of terms of higher order.
The suvbsequent paragraphs constitute a summary of a portion of the more
4

recent treatment.

Threshold Voltage. Due to the large distance an ifon must travel in a

cyclotron as it spirals out from the ion source only a small fraction of the
starting ions would ever reach full radlus were it not for certain focusing
effects. In the course of the early part of the spiral motion from the source,
components of electric field temd to shift ions in the direction perpendicular
to the plane of the orbit. Two types of electric effects must be distingulshed:
(a) energy~change focusing due to the fact that ions spend less time in the
defocusing region (where the lines of force curve awvay from the median plane)
of the dee gap than in the focusing region, and (b) field-variation defocusing
vhich is associated with the fact that the electric field changes during the
transit of the gap. Ions in posltive phase (those crossing the middle of the

gap after the potential difference between the dees has reached its maximum)

1.” Rose, M. E., Pnys Rev 53, 392 (1938).

2. Wilson, R. R., Phys Rev 53, 410 (1938).

3. Bohm, D., and Foldy, L., Phys Rev 72, 649 (1949).

4, Cohen, B. L., Fixed Frequency Cyclotron Theory, Y~-757, April 4, 1951.
(Also AECD=-3301). '
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are focused; those 1in negative phase are defocused. A détailed analysis éf
phase groupirg and other phase shifting mechanisms indicetes that the ion
phage is unfortunately predominantly negative, Since fielﬁuvaxiation defocus-
ing dominates the energy-chasnge focusing, some 90% of the initial supply of
ions are loét to the dee surfaces.“ The loss may be reduced by increasing the
dee voltage, thus reducing the number of turns an ion wakes and keeplng the
total phase shift small.

In the latter part of the spiral motion, a focusing force associated with
the curvature of the magnetic field lines {achieved by widening the gap between
pole pieces), takes over to prevent further loss of ions to the dees. The
radially decreasing magnetic field has the additiomnal effect, however, of con-
tinually waking the ion phase more posltive., If the shift is too great,‘ions
eventually arrive at the dee gap when the potential difference is low or even
reversed and thelr acceleration in the cyclotron is stopped. The relativistic

increase in mess as the ions gain veloclty also tends to shift the phase in

total shift in phase, The cyclotron adjustments such as frequency setting,
* tﬁéug;égéégém;;éid intenéity, and field shape thus must involve compromises
to keep the ions within necessary boundaries in space and 1n phase.

It is possible to calculate the various effects guantitatively and to
predict the winimum dee~to-dee voltage required %o obtaln a given énergy in
a particulasr cyclotron. The minimm dee potential required for the 86-inch

cyclotron to accelerate protons to various energies 1s given in Figure L
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PERF ORMAKCE

During the last six months of 1951, over 300 bombardments totaling more
than 1,000,000 microsmpere-hours were made for the following divisions of the
Laeboratory: Alrcraft Nuclear Propulsion, Blology, Chemistry, Health Physilcs,
Operations, Physics of Solids, and Electromagnetic Research; and for the Oak
Ridge Institute of Nuclear Studies., While the 86-inch cyclotron has been oper-
ated et different times at calorimetefed,beaﬁ currents approaching two milli-
amperes, and at measured energies up to 25 Mev, and for conbtinunous runs
exceedingkloo hours, the performance of the machine 1s best demonstrated by
describing the actual operating conditions for three types of runs. These

runs are selected to demonstrate the sustalned operation, isotope produqt%on!

e mranna g n g SRS R AT A S AR S s e T 6 ST b i

tion and cyclotron efficiency.

Sustained Operation

The cyclotron has been operated for lomg combtinucus periocds with the beam
on the target, "innage," a high percentage of time, Innage is defined as Ehe
percentage of available time in which a desired value of beam current is aétun
ally on the target, Innage during long runs has in some cases exceeded 9T%.
During the last five months of 1951, while the machine was being operated
168 hours per week, the overall innage averaged 60%. Much of the lost time,
or “outage,” has resulted from leeks in the vacuum gystem, electrical diffi-
culties;, mechanical problems, and interruptions for minor improvements, in
that order. Routine operatlion outage is requlred for changing ion sources,
changing targets, inspectlon of targets, refilling vapor traps, and initial

operation adjustments folloﬁing an interruption. A rewmote control mechanism
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has recently been installed which permits refilling vapor traps without
interruption and without exposure of personnel. Total outage for chenging
an ion sburce averages about ﬁwo hours.

Ion source filament life now averages 85 hours; some filaments have been
used over 100 hours. If it were desirable to operate the cyclotron on & con-
tinuous basis the only essential outage would be for two lon source filament
changes per week.

A recent cyclotron run illustrates the performances characteristics for
sustained operation. For 58.6 hours the ﬁeam current aversged 620 pa and the
target beam power 14.2 kw. Operating conditions for this run (A) are sum-
mgrized in»Table I. The steadiness of the beam during a run of this type is
evident in the 8-hour segmenthof the chart from the beam recor@ing neter,
Figure 6.

Isotope Production

The conditions for isotope production runs vary greatly since the desired
proton energy, beam current, and duration are determined by the nsture of the

target and the objective of the experiment. A recent gallium 67 production

run illustrates this type of operétion. A zine targetnwgs“bombgpded,With a
2§O'Ha beam.of protons at 23 Mev for two hours to yield 500 mc of,gallium 67;
the specific yield waé 1000 mc/mah. With a zinc target it is necessary to
reduce the Beéﬁwpowef‘to avoiﬁ vaporizing the target surface. The proton
current can be reduced by reducing the dee-to-dee potential, by adjusting the

intensity of the arc in the ion source, or by tilting the ion source so that

it is not fully aligned with the magnetic field. Operating conditions for this



TABLE Is SUMMARIES GF CYCLOTRON RUNS JLLUSTRATING:

A. Sustained Operation
B. Isotope Production

C. Beawm Power Test

Inmage, actual hours
Radius; inches
Proton Epergy, Mev

Proton Beam
Average wetered current; pa
Integrated, ya<hrs
Metered power, kw
Calorimetered pover, kv

Target -
Cooling water, gpm
Cooling water, AT in °C
Pover dissipation; kw

Icn Source
Arc potential, volts
Arc current; amps
Filement current, amps

Vacuum, 1075 mm of Hg

Magnet
Current, amps
Field at center, cersteds
Coil temperature, °F

Dees
Dee~to=-dee potential; kv
Dee bias potentlal, kv

Bias drain, less background,; ma

Osclllator _
Frequency, Mc/s
Plate potential, de, kv
Plate current; amps
Power 1lnput, kv

Gross Power Efficiency, %
Beam Power, kw
(Qscg de Inpub; kw x 100)

* calorimetered

A
58.6

30.5
23
620

36,360
14,26

1k,2

28

1.9
142

132
1.6
Loo

1540

9067
160

410
7.5

13,53
18,4

13,0

239

Jio

30.5

130
1.2
Loo

2.5
1550
9084
161
395

7
T+5
13.55
17,0

13,0
221

2.6

Le]

30.5

~23

1813%

:hi.T
26.6

5.9
41.7

150
1.k
4o
205
1540
2067
160
k33
l .
15

13.53

19.2
17,3
333

12.5

22
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2l
run (B) are summarized in Table I. A comparison of this run with the

preceeding one reveals the lowered efficiency obtained at reduced beam

currents.,

High Beam Power Tests

Test runs are wmade from time to time for the purpose of determinlng the
adequacy and efficiency of cyclotron components at increasingly higher power
levels. A run of this type was made May 22, 1952. The cyclotron had been
operating steadily for some time with 500 pa of 23 Mev protons on a 6" by 10"
water-cooled aluminum target of the grazing-incidence type. The beam current
was increased in successlve steps of about 500 pya by raising the dee potential
and by optimizing the position of the ion source and the power input to it.
Operation was sustained at each level long enocugh to record the variocus oper-
ating characteristics and to determine the power output to the target by
calorimetric measurements. At the highest level obtained, momentary beam
meter readings exceeded two williamperes but operation at this level was very
unsteady due to sparking; further increases were not attempted. The highest
level ét which operation was stablllized long enough to permit calorimetric
determinations geve a beam power of 41.7 kw; at ~ 23 Mev this corresponds to
an average beam current of.1.8 ma. Operation characteristies for this high

performance test {C) are summsrized in Table I,

Cyclotron Efficliency

Tests of cyclotron operatlion efficlency have recently been made., As
measured, efficiency tends to increase with dee-to-dee potential and with

beam power.
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Power to Excite the Dees. Iun an analysis of power efficlency it is
helpful to know the rf power requiremenits for exciting the dees. The

relationship is:

where £ = the freguency of the dee system

e = the effective capacitance of the dee sysienm
E = peak dee~to-dee potential
Q = the ratio of stored power to dissipated pover in a half cycle.

Wheg the rf system was designed, both @ and ¢ were calculated and the
pover requlrements ascertained, Figure 5. This curve indicates that 96 kw
of ri power is reguived for exciting the dees to 400 kv, In an experimental
test of this poiot on the curve; a steady run was interrupted; the tank was
exposed to atwmospheric pressure, the dee voltmeters calibrated at 18 kv
dee-t0~groua§ with a2 direct-reading rf voltmeter, the tank was again evacu-
ated, and when operaticn was resumed the de powsr input was measured for
b0 kv dee-to-dee, The oscillator imput was 162 kw. The oscillator effi-
clency, iuncluding plate live losses, has been measured at 60%5 At this
efficlency, approximately 97 kw of power was required to excite the deeg.

In a geries of such measurements, good agreement was found bebween calculated
and experimentally measured points; as shown in Figure 5, page 19.

Efficiency Measurements. From actual power measurements and known dee

excitation reguirements it is possible to calculate the ion loading and the
efficlency of the cyciotron under various conditions, ?able IT. The dc power
input to the osclllator, beam power, and the net lon currept to the dees are
readily measured. Dee excitaﬁion power requirements are cohtained from Plgure 5,
as above. With the are off, the total output of the osclllator is used to

exclte the dees to some desired rf voltage. When the arc is on, the osclllator



Conditions
Beam Current, pa 0 500 0 0 800 0 0 1000 0
Dee-to=Dee, kv 365 365 365 380 380 380 Loo 400 400
Ion Source Arc Off om On off On On Ooff On On
Magnetic Resonance - On Off - on ore - On orse
Measured
Oscillator de Input, kw 133 196 143 143 217 152 160 247 173
Beam~on-Target Power, kv 0 11.5 0 0 18.4 0 0 23.0 0
Dee Ion Loading, wme 0 11 11 o 10 10 ¢] 12 12
Calculated
Oscillator Qutput, including plate
‘line losses, at 60% eff., kv 80 18 86 86 130 o1 96 18 104
Dee rf Excitation, kw 80 80 80 86 86 86 96 96 96
Ion Loading Losses, kw ¢ 26.5 6.0 0 25.6 5.0 0 29.0 8.0
Average Energy of Ion Load, Mev o 241 0.54 0 2.56 050 0 2,41  0.67
Gross Power Efficiency, %
Beam Powver, kw - - - - - -
(Osc. de Input, kw x 100) 5.86 8.h7 9.31
Net Power Efficiency, %
Beam Power, kw 100) - Co2 - - 431.8 - - Yy,2 -
(Beam + Ion Load, kw * ) 3 '

TABLE II: POWER DISTRIBUTION AND CYCLOTRON EFFICIENCY, at ~23 Mev

92
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output also includes the beam power, which is weasured calorimetrically, and

the power loss due 1o lon loading of the dees, Since the net dee ion loading
current 1s already known, the average energy of the lon load is readlly cal-

culated for both on and off resonance conditions. The ion load results from

ions becoming defocused and striking tﬂe dees. The ion transport efficiency,
which depends upon both focusing and phasing, tends to improve at higher dee

potentials. Apparently fairly large ion currents are circulating in the dees
at the lower energies. This indicates that with improved ion focusing, much

larger currents could be obtained on the target.

The gross power efficiency is defined here as the ratic of beam power to
de power input to the oscillator. Net power efficlency is the ratio of beam
power to total power tramsmitted by all ions (beam power plus ion load power).
In the experiment described in Table II both power efficiencies increased with
beam power. While conditions were not all the same for the beam power fést,
(C) of Table I, the greater efficiency at 41,7 xw beam is consistent.with the

expected trend.
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COMPONENTS OF THE CYCLOTRON

After the principai requirements for the cyclotfbn were established, i£
was posslible to proceed with the design and fabrication of various components.
Fabrication of the components was scheduled to permlt orderly assewbly of the
machine; while the magnet was being assembled vaaﬁum equipment was being pre-
pared; by the time the vacuum tank was in place the oscillator had been tested
with an electrical model and was ready for installation; in the meantime the
dee assembl&, power supplies, and ubilities were being prepared., There were
some wodifications of designs as construction progressed and later, during the
testing period, many additional changes proved desirable., In the following
section the components are deserlbed in some detall in their present form. The
modifications which were made in the original designs will be discussed else-
where.

The components will be considered in the following order:

Magunet

Vacuum System

Radio Frequency System
Ion Source

Targets

Control Equipwment
Shielding

Utilities
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THE MAGNET

The availsbility of electromagnetic egulpment in Y-12 contributed much
to the speed and economy with which the eyclotron maegnet was completed. It
was found that the avallable coils could be used more conveniently in a wag-
net arranged with the planes of the pole faces vertical. Elimination of the
conventional yoke across the top for reasons of accesg leaves only the lowver
yoke to complete the path for the magnetic fleld. The magnet yoke wéswassemr
bled from two-inch steel plates, Four copper-wound magnet colls were trans~
ferred from a Beta wagnet. The motor-generator set and oil~coollng facilities
were already in place., The magnet was first energized on March 3, 1950, less

than six months after excavation for the foundation was begun.

Yoke and Pole Cross Sections

In most magnets the cores, poles, and yoke usually have the same cross
section, In contrast, the area of each 86~inch circular pole piece 1s 5770

square inches; the éréa of the roughly rectangular core of a Beta coil is

4500 square inchesj and the yoke cross section is 3070 square inches., Larger

coll currents and lower magnetic fileld reguirements of this cyclotron permit
the use of unconventional overslzed poles and a smaller than norﬁal yoke.
Model magnet tests indicated that with 86-inch pole pieces, 10 inches thick
and with vacuum tamk walls four inches thick; a satisfactory magnetic field
would be obtalned., Model tests also indicated that onlj a very small galn in
magnetic field would result if the yoke area were increased from 68% to 100%

of the coil core area.

]
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The Megnet Yoke

The steel yoke of the wmagnet is 22 feet and 5 inches long, 16 feet high
and 4 feet by 5 1/2 feet in cross section, and weighs approximately 250 tons,
Figure T. If is set on relnforced concrete three feet thick and resting on
solid rock. A two-inch plate, several inches longer and wider than the yoke,
anchored to the concrete provided a relatlvely smooth surface upon which the
yoke was assembled, The yoke is compqsed of hot-rolled steel plates, SAE 1010,
Plates two inches thick were selected after conglderation was given to factors
such as flatness and wniformity of commercial plates. Thése plétes were thin
enough to be drawn into a rigid and wmagnetically satisfactory structure. The
plates are four feet wide and of three lengths which permitted interlocking
Joints at the corners. The 32 layers of plates are held together by tack

welds and 2 1/2" tie bolts.

Magnet Coils

Magnet coils for the cyclobron were obtained from Beta Magnet VI, Buillding
920#—3, Figure 8 . Thé colls were replaced by an lnexpensive stfﬁcture with
equivalent coll dimensions thereby permitting reassembly and operation of the
other sections of the Beta wmaguet. The four standard Beta type magnet coils
are capéble'qf being energized 1n excess of 106 ampere-~turns. Each coil has
174 turns of 3" by 0.420" copper conductor. With laminated steel core and
steel case,reaéh coil welghs spproximately 35 tons. The coils are energized
byvcuirents up to 1700 amperes, or 62% more than for normal Beta magnet oper-
ation. The power per coil is 75 kw dwring normal cyclctfon operation; in the

Beta magnet they were operated at 35 kw.
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FIGURE 9. MACHINING CONTOUR SHIMS
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The magnet coils are supported entirely by the frame upon which they
rest; the cores are not attached to the magnet yoke. Since the coil cases
were slightly wider than the cores, one-inch steel spacers are used, During
model magnet tests the large forces acting upon the coil cases were measured
and suitable braces between cases and from cases to yoke were designed to
hold the cases rigidly in place, Figﬁre 7.

Cooling for the magnet c6ils was obtéined by connecting to the magnet
cooling system already in the building. The windings are cooled by passing
mbre than 200 gpm of transformer oil, Transll Type C, through each coil.
Automatic control of inlet oil pressure and thorough filtering of the oil is
provided., Automatic alarms were installed to give warning in the event of
loss of oil flow. The colls are equipped with flow meters, inlet and outlet
pressure gauges, and voi£meters across each winding. The latter, at a known
coll current, give an indication of coil temperature. A Brown recorder is
also used to measure and record the temperature of the windings. An alarm
warns the operator when the coll temperature has reached a predetermined
value, usually 70° to 80°C. These precautions are necessary in order to in-
sure the maximum life of the magnet coil insulation, which the manufacturer

estimates will vary with temperature as follows:

Hot Spot Average Expected
Temperature Temperature Life
!:gs ,:Q, !zearss
89 79 8 to 40O
97 87 4 to 20
105 95 2 to 10
130 (maximm allowsble) short period

The colls can be operated for short periods at higher rates since onme to

three hours are required for the temperature to reach equilibrium.
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Pire Protection

An automatically operated COp system protects the cyclotron aéainst fire,
Detector heads near thé magnet activate the system 1f they are subjected to a
temperature rise of 20°C per minute., The system can also be activated by a
manual "pull” switch at each exit from the pit. When the system is actlvated,
alarms sound inside the cyclotron pit and in varilous parts of the bullding,
including the control room. After a LO-second time delay, to allow personnel
to get beyond the shielding wall, twenty-six 50-pound cylinders of COp dis-

charge into the cyclotron pit.

Pole Pieces

Unconventional oversized pole pieces are used to correct for the rectan-
gular shape of the coll cores. These discs are SAE 1010 steel, 10 inches thick
and 86 inches in dismeter. 1In effect, additional pole piece thickness is pro-
vided by the 4" steel walls of the vacuum tank, and the 2" magnetic shims glving
sixteen inches of steel between the dees and the coil cores.

The 10" steel discs are supported upon 3" steel pins ancheored in the magnéﬁ
cores. BEach steel pin extends into the center of tﬁe disc approximately five
inches; the disc is'free to move on the pin. Durling assembly the pole pieces
ﬁere moved back when the vacuum tank was luserted to provide maximum clear-
ance, After the tank was in position upon its supports, wedges were iﬁserted
between the pole pieces and coll cores forcing the pole plieces to.fit tightly
against the tank wall, In this way the very large forces produced by the mag-

netic field are distributedluniformly on the tank.

\
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Beam Control Coils

By means of suxiliary coils wound on the pole pleces it is possible to ‘
control the position of the beam with respect t¢ the medlan plane of the tank.
The coils consist of 65 turns of #6 wire wound on each 10" pole piece. A de
power supply provides up to 79 awmperes. The direction and magnitude of the

carrent 1s controlled to produce the desired effect on the proton beauw,

Magnetic Shims

The magnetic shims are designed Lo further correct for azimuthal vari-
ations ipn the magnetic field due to the unusual shape of the maguet coll cores
and to provide a focusing compoprent that will keep the proton beam near the
median plane, The shims were machined from 2 1/4" steel plate on a vertical
bqring mill, Figuve 9, These shims reduce azimuthal variations to less than
0.2%. The radial decrease in field strength is at a rate of oné percent in
13 inches out to a radius of 20 inches, Figure 10, The field then falls off
less rapidly out to 26 inches, is nesrly wniform to 31 inches, and decreases
about 0.1% in the next two inches. At 33 inches the field is about 1.75% less
than at the center, The megnitizatlon curve taken at the center of the tank
with the contour shims in place is also shown in Figure 10. Methods of mag-

netic field measurement are described in Appendix B.

Magnet Supply

The cyclotron magnet supply comsiste of a 3¢, 13.8 kv, 360 RPM, 8400 hp

synchronous motor driving a 4286 ampere, 70O volt, 3000 kw generator. The
motor had previously been used to drive two generators for energlzing an Alpha
magnet in the building. The brushes, fleld excitation, and other connections
of the second generator have been removed. The cyclotron magnet is connected

to the generator through three 1,000,000 CM lead-covered cables in parallel in a
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4 1/2” sealed conduit. The generator is operated at about 300 kv, supplying
1500 amperes at 2070 volts to the cyclotron magnet.

The existing cwrrent regulator was revised to operate over the new current
and voltage range required for the cyclotron wmagnet. A limlted current control
of 100 amperes has been provided at the two control desks: decade controls on
each console permit one and ten-smpere adjustments in magnet current, These
current controle are used to adjust the magnet cwrrent, and in turn the mag-
netic field in the gap, for ophlmum operating conditicns. One-ampere steps for
an operating current of 1500 amperes cause very small changes in magnetic Tield

due to saturation in the coll cores.



38
THE VACTUM SYSTEM

The use of & tapk exbension attached to the top of the vertical vseuum
tank makes it possible to inclose the complebe resopant dee aystem la the
vacuur chamber. The tapk is evacuated through e waplfeld leadipg to three
sets of diffusion pumps, which are in turn backsd by mechanical pumps,
Figure 11, Theze latbter pumps ave locabed oubside of the cyelotron plt some
distance from the magnet. The arvangement of the vacuum pwiplng system
reéulted in part from the adaptabtion of existing egquipment rather than from
considerations of ophimum @ngineeéing design. The very high pumplng speed
achlieved has contributed substantizlly to the versatility and the high level

performance of the cyclotron.

The Vacuum Chamber

The vacuum chamber, conslisting of the tapk, tank extenslon, adaptor, and
vacuum wanifold, has a total volume of approximately 4S50 cubic feet, It is
positioned vertically between the two 10" pole pleces of the magnet, The task
is non-magnetic steel, type 304k, exceph for two civeular discs of wild steel,
SAE 1010, 4" thick welded inmto the tank walls imsedistely opposits the pole
pieces, Figure 12. The tank is designed to wibthstand the forces of the mag-
netiec field as well as atmospheric pressure, The top of the vacuum task is so
shaped that the desired clearances Tor the dees iz obiained. This reguired
the forming of 2.57 stainless steel plates for framing the aperture. The over-
all height of the tank 1s 114"; the outside width at the pole pieces is 30%;
and the inslde width is 22Y. The total welght of tke btank is 10.5 tons. The
inside gurfaces adjacent to the pole pleces are parsllel within €.030% and as

flat as good machining practices permit. They are provided with a zmumber of
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tapped holes for the attachment of magnetic shims., The tank was designed at
Y-12 and fabricated by Lukenweld Incorporated, Coatesville, Pennsylvania,

The tank is little more than a framework supporting the two heavy side
plates; there are openings in all four sides and the two lower corners of the
periphery. A tank extension is attached at the top, the vacuum adsptor at
the back, the target faceplate at the bottom, faceplates for mounting volt-
meter probes at the two lower corners, and a plate with window, variable
trimmer, and a vacuum gauge at the front. The faces of these openings are
machined flat to accommodate the vacuum seals which consist of continuous
square rubber gaskets located in grooves in the faceplates of sufficient cross
section to accommodate the entire gasket under pressure. The resulting metal=-
to-metal contact between tenk and faceplates assures proper alignment and
the vacuum seal has proved very satisfactory.

The tank extension, constructed as a housing for the dee stems, is
attached to the top of the vacuum tank, Figure 12. The extension, 57" by 107"
and 52" high, was fabricated of 0.5" stainless steel with suitable reinforce-
ments. The combined vclume of the tank and extension is 280 cubic feet. The
liner andﬁdee assemwbly are inserted through a 101% by 51.5% aperture at the
top.  Brackets welded tc the inner walls of the extension provide for posi-
tioning and support of these assemblies. The rf coupling circuits enter the
extension through bushing-type insulstors in the front and back. Openings on
the sides provide for access to the dee stems for adjustment of'the line cou-
pling. A recent revision of the water header system inside the tank extension
has required a 6" addition to the extension to provide additional space and
electrical clearance., An aluminum plate, upon which the ion source assembly
is mounted, covers the top opening of the tank extension and completes the

vacuum chamber.
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The Pumping System

The vacunam btank is sbtached 1o z vacuwm wpanifold and thence to the pumping

system through an adapter, Figure 13, An opening is provided through the top
of the adapter for the insevtion of a refrigerated uwanit to trap moisture and to
prevent diffuslon pump oil from reachlng the cyclotron dees. The vacuum mani-
fold contains three 20=inch disc valves remobtely controlled from the utilities
control panel. Three Westinghouse oil diffusion pumps are attached 4o the
bottom of the vacuum wmanifold. The diffusion pump srraugement consists of a
primary and a booster pump in series. The barrel of the primary punp iz 207
in diameter, flaring near the top to allow higher conductance past the pump~head
baffle, The booster pump is 8" in diameter and discharges through a 4" pipe.
The overall height of the unit is approximately 62 inches. The original
Westinghouse Jet assemblies have been replaced with DPI MI-TO00 jet assemblies
which have increased the pumping speed approximately 25%. To prevent oll vapor
from diffusing into the vacwim tank an evaporation wnit is mounted in the top
of each of the three diffusion pumps, Just below the gate valve., Bach of these
units is composed of three concentric truncated copper comes 6" high, the
largest belng 20" in dlameter. Evaporation of Freon 22 in coils attached to
these cones maintains a temperature below -40°F. The pumps and condensers of
the system are placed outside the cyclotron pit, near the pumping area, Figure 2.
Three different types of diffusion pump oll have been used. Myvane ¢ll
(D.P, 20) and Litton-C have glven satisfactory results; each oil has a high
registance 1o oxidation and an ultimate vacwmumm of approximately 0.002 mlcrons.
Octoll S, now used, has even better ultimate vacwm characteristics (0.0002
microns) but its poor resistance to oxidation requires great care in manipula-

tion of the vacum system.,
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In the original Alpha building imstallation a group of four mechanical
vacuum pumps were located to the east of the cyclotron pit. These Kinney
pumps, Model DVD 14916, have a theoretical displacement of 300 cfm at the
normal speed, 450 rpm; each requires a 15-hp, three-phase, 460-volt motor,

In order to use these pumps in}their original location, two 10% vacuﬁm lines
approximately 100 feet lomg were run from the north side of the cyclotron
through the east shielding wall and under the ground floor to the vacuum pump_
ares, Figure 11, Three of the Kinney pumps are tied together with a common
10" header, each pump being tied to the header through a 6" Chapman angle
valve, One of the vacuum lines connects directly to this header at one end .
and through a 6" Chapmen valve to the vacuum menifold at the other end. This
line forms the rcughing header for the cyclotron. The second vacuum line con-
nects the fourth mechanical pump to the three diffusion pumps and thereby forms
the finishing header, or fore vacuum, for the diffusion pumps. Appropriate
cross-ties installed at each end of the lines make it possible to parallel
the two vacuum lines during the pumping down operation if increased conduc-
tance of the vacuum system 1is desired.

Previous experience with Kinney pumps had shown that a steady stream of
dry air injected into the outlet side of the pump cylinder could eliminate
the need for a refrigerated wvapor trap in the inlet line. Since this systém
had proved satisfactory and convenient, it was adopted on the cyclotron. The
dry air is obtained from the Lectrodryer unit that also supplies the dry sair
when the tank is exposed to atmospheric pressure; dry air is used in the tank
in order to minimize the amount of moisture entering the tank and thereby to

reduce the time required for the next pumpdown.
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Vacumm Instrumentation

Several vacuim genges are ussd Lo provide esseptial operational data,
for the location of leaks, and to protect the eguipment. Each Kiuney pump
is eguipp=d with a Stokes«type Mcleod gauge between the pump and its header
valve. This is necessary in order that the performance of each pump may be
asecertalned bafore 1t is coanected to the vacmum header. A similar Mcleod
gange is comnected Lo the {inishing healer and another to the roughing header.
In sddition, an Allis-Chalmers Lype Piranl gauge is congeated to each header.,
On the finishing header, the Pirani gavge has a combacting device bullt into
the meter which will operate a reley and in turp sound an alarm if the pres-
sure exceeds a predeterwined value, The alarms sre located in the remote
control room and on the utllity panel., Duplicate sets of meters for the
finishing header Plranl gauge are located ai the local control desk and on
the wtility panel. A Bourdom type vaciuum geuge abbached to the fioishing
header in the Kinpey pump area glves a convenient indication of header condle
tion.

On the high vacumm side, two types of vacuum geuges are used: a triode
ionization gauge and the Philips ion gauge. The triode ionization gauge tube
is an Eimac 357 wedilied by a .1/2“I dlameter glass tube fused to the side and
connected to the tapk vacwum through a rubber compression type seal. Since nb
proviglons are wade for a vapor trap ahesd of the ion gauge, the pressure read
by this gauge is tobtal tank pressure., No tube damage bas been spparent thus
far, perhaps because the lon gavge is not turned on until the tank pressure
is less than 0.5 microns. The lon gauge assembly is located on the vacuum
manifold directly sbove the gate valve assewbly. In this position the conduct-

ance from the diffusion pumps around the gate valves to the ion gauge has been
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estimated to be approximately the sape as the conductance frow the diffusion
pumps to the tank proper. Also, 1o this position the gtesl wall of the manif
fold yrovides thes tube filament with some protection from the megnetic field,
The local and the main control panels each have & separate ion gauge power
supply smd meter.

In additiocn to the ilonization gauge, & Fhilips gauge 1s imstalled at the
front of the tank near the varleble trimmer assembly. This type of geuge is
far more rugged thao the triode ion gauge and mors sensitive o small changes
in pressure; bubt it is probebly not 2s accurate in rsading sbsoluie pressure.
The Philips gauge hss 2 cathode made up of two parallel metal plates 1 1/2”
square with 1/2W separation and & one-inch wire ring ancde spaced between and
parallel to the two cathode plates, In the tank the assembly 15 mounted normal
t0 the direction of the magnetic field. Meters and controls are provided on
both control pansls. These gauges serve two fupctions: first; to determine
vhen the tank pressure 1s low enough to permlt opsration of the ionization
gauge, and second, for observing ilncresse in tank pressure with lncrease in

hydrogen flow as 8 secondary check on the hydrogen flowmetar.

Typlcal Performance

RBase pressure with roughlog pumps 10 wicrons
Pump-dowa time (atmosphere to 50 microns) 9 minutes
Bese pressure with diffusion pumps 0.006 microns
Rate of rise on tank assewbly 0.00015 microvs/sec
Time Lo return to atwmospheric pressure 8 minutes
Diffusion punp operating temperatures

20-inch pumps 2h0=-245 °C

8 -inch pumps 240-265 °¢
Pumping epeed (st tank face)

Pump No. 1 5100 IL/sec

2 4900 L/sec

3 U900 Lfsec
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TEE RADIO-FREQUENCY SYSTEM

The radio-frequency system comsisis of the resonant dee system with its
quarter-wave transmission line (dee stems), the half-wave filament and plate
coupling lines, and the osclllator with its de power supply. The details of
electrical design specificaticnz and cilrcult characteristics are given in
Appendix C, A description of the physical units is given.bélow. Except for
standard commercial components all parts of the ¥f system were designed and

fabricated locally. The enbire system is shown schematically in Figure 1k,

The Resomant Dee System

The resonant dee system is éompletely incloged in the vacuum chaumber,
Figure 2. The insulated des assembly and the grounded liper are suspended
from supporting structures near the top of the tank extension. This arrange-
wment simplifies the installatlon of the dees and gives the entlre assembly
mechanical rigidity and stability.

The dze assewhly cousists of the two dees suspended by thelr stems from
the dee swpport frame, Figure 15. The resonant frequency is determined by the
position of an adjustable shorting spider along tbe guarter-wave trausmission
line. The whole assembly ie insulated by and rests upon fouwr ceramic insu-
lators, Alsimag 222 (American Lavae Company). The dee assembly is maiutained
at a negative potential to reduce the effect of Yion loading.” A modified
Alpha i G de powver supply is used for this purpcse. The bias potenbtial is
controlled by a motor-driven induction regulator in the supply; the limit
swliches are set for e range of 300 to 5000 volis. The conbtrol is interlocked

50 that 1t can be operated only when the oscillator 1s opersble.
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The Dees. The two sets of dees now in use differ chiefly in the way
water cooling is obtained, Figure 16, Preliminary estimates of cooling
requlrements indicated that a water flow of approximﬁtely 350 gpm would be
desiraeble., The first set of dees was fabricated with'water channels in the
thick sides of the dees. The sides were made from 7/8“ copper plate in which
a pattern of water channels was machined; a 1/8" copper plate was then furnace-
brazed over the surface. The pattern of water channels was designed to direct
a maximum amount of water along the leading edge of the dee and to concentrate
the flow at the mid-point of this edge where calculations indlicate the maximum
heating occurs. The sides of the second set of dees are 1/8" copper with five
loops of 7/8” copper tubling flattened and furnace brazed to the inmmer surface.
The tubes extend through the dee stems and are joined in parallel at the top.
Both designs have proved satisfactory but the latter is much easier and less
expensive to fabricate,

The peripheral walls of the dees are perforated to permit high pumping
speed. Graphlte plates are attached to the inside of the dees and along the
entering edges to protect the copper from the stray proton beam. The lower
corners of the dees are cut away to provide clearance for large targets. On
the second set of dees the corners are cut back farther to permit the use of
very large grazing-incidence térgets. Provisions are made on the south dee
for mounting an. accelerating electrode.

In order to reduce the long-lived neutron-induced activity, future
cyclotran dees and dee stems will be fabricated from copper. which is very
low in mndesired jmpuritlies, and silver solder will be avoided. Calculations
have been made for the maximum amount of various impurities that can be allowed

in order that saturation bombardment with 5 ma of protons on an average target
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will result in a neutron~induced activity radiation level of less than 500 mr/hr
near the dees, In these calculations thermal neutron capture cross sections

were used. Copper meeting these specifications, listed below, is commercially

available,
Impurity _ Half Life of Maxiomum Amount

Activity (ppu)
Ag 270 days 170
Au 2.7 days 30
As 1,0 days 1200
Sb 60 days 400
Se 127 days 600
Te 60 days 2,000
Fe 45 days 20,000
Zn 250 days 2,000
Ce 5 years 6
Ta 117 days 20

Dee Stems. The dee stems were fabricated from 12" copper tubing. They
are mechanically attached to the dees, the Joint being copper«;prayed and
polished to give good electrical contact. The dee stems are cocoled by means
of T/8" copper tubing silver-soldered to the inner wall.

Dee Support Frame., The dee support frame is accurately positioned on

insulators in the tank extension. This water-cooled rectangular frame is
composed of 1" by 3" copper-plated stainless steel bars and is 86,.25" long and
38.5" wide. The dee stems are attached tc this frame in such a way that they
can each be tilted in any direction, moved horizontally in any direction, and
rotated about their vertical axes, This flexibility makes it possible to
achieve various dee-to-dee gaps and simplifies centering the dees with respect
to the megnetic field, The dee support frame also serves as the dee handling
fixture and is designed so that the dees may be transferred into the vacuum
chamber after being pre~set in an aligunment rack, All water circuits in the
dees, dee stems, and spider connect to 3" inlet and outlet headers mounted

upon the dee support frame, inside the vacuum chamber.
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Spider. The shorting comnection between the two dee stems, the "spider”,
is adjusteble over a 16" range to provide a means of tuning the dee circuit.
The spider is oval in shape, 83 1/2" long by 43" wide and fabricated from
3/16” copper plate. The dee stems are clamped rigidly to the gplder by means
of two 12% split silver=-plated water-cocled copper rings which can be clamped
securely around the stems; the rings are attached s0lidly to the spider plate,
Figure 17. The dee stems are also silver plated over the adjustment range.
The spider adjustment is made by means of four cne~inch threaded copper posts
mounted firmly to the top of the splder and extending up through the dee
support plate at which polint the adjustments are made, Cooling ls provided
by 7/8” copper tubing flattened and silver soldered to the upper side of the
splder plate. The water jumpers from the stationary wakter header to the mov-
able gpider are flexible metal hose and are connected with rubber compression-
type fittings.

Variable Trilmmer. A variable capacitance for tunlng the dees is obtained

by wmeans of a trimmer which is mounted adjacent to the south dee, The trimmer
plate is a 1/8" copper sheet strengthened by a 5/8% copper rod slotted to £it
around its perimeter. It is 6" wide, has a projected length of 26", and is
curved on a 38.5" radlus. It 1s water cooled through 7/8" flattened copper
tubing seilver soldered to the back. To malntain balance the variable trimmer
is matched by a fixed plate of the same design attached to the liner adjacent
to the north dee, The varisble trimmer is mounted on an aluminum faceplate
on the south side of the tenk, along with a window and a vacuum gauge, and is
operated by a reverslible ac motor with a vebelt drive. A lead screw drives a
keyed shaft through & s1iding vacuum seal over the T* range In ~ 1.5 minutes.
Controls fof the tfimmer motor and s position indicator are provided at both

the local and the maln control desks.
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Liner. The inside of the tank apd tapnk extension is lined with a
water coolsd sheet of 3}32” oxygen-fres high~conductivity copper. This
liner encloses the deses apd dee shems on the four sides and on the bottom.
The structure is braced with 2 1/2" stainless steel channels to meke it self-
supporting and rigld, It 1s waler cocled by means of 7/8“ flattened copper
tubing silver soldered to the oubter surface., Accesa openings are provided
for the two oscilliator coupling lines, two des volbmaster probes, target
assembly, and the varizble trimmer. The top of the liner is openad 4o pro-
vide sceess to the spider and dee adjustments avd for the removal of the dees.
The periphery of the liner is perforatad to permit high puaping spesd. The
liner is supported and positioned at the top on rails welded tn the sides of
the tank extension. The lower end of thes liner is positioced by uweans of
lugs on the tauk walls vhich engage other stainless steel lugs welded to the
bottom of the limer, in 2 tongue and groove fashion., Filgure 10 showe the
liner being Installed for vacuum testing during the consiruction pefioda

Water-Cooled Headers. There are two main water-cooling cirsuits in the

tank, Headers for the inlet supply and the outlet for the liner are at ground
and pass directliy through the north wall of the tank extension., The second
header system, supplylng all parts of the dee assembly, 1s attached to the

dee support frame. Since the dees are ipsulated teo operate at a dc bilas,
sections of two-luch rubber house about seven feet long are used to insulate

the dees and to comnect to the inlet and outlet hesders at the extension wall.

Coupling Lines. The lengths of the plate and filament coupiing lines
were calculated and then verifisd by full scale electrical model tests, as
described in the Appendix B. In msking the actual installation, a "hump® was

provided in each line so that at some future dats the lines couwld be shortened



FIGURE I18. INSTALLING LINER
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without moving the oscillator cabinet. The hump also accommodates the
greater length of the filament line, Figure 19.

The plate line is a 3 3/1«\" 0D water-cooled copper tube centered in a 12%
square ground shield, The filament line is 2 1/2" OD alr-cooled tube with a
6" shield. The outer ground shields for both coupling lines were fabricated
from 1/16" thick copper sheets and in short sections for ease of handling and
assembly, Each section has one-inch flanges with a stainless steel backing
strip at either end for joining the sections. Also, one side of each section
is removablé to provide access to the inner conductor which is centered in
the shield by means of plastic (Teflon or D-29) spacers.

Since power loss calculations indicated the necessity for water cooling
the plate line, concentric piping was tsed. The outer pipe of the plate line
is 3 3/4" OD copper with 0.109" wall thickness. The inmer pipe is 2 3/4" OD
brass with 1/8" wall; this keeps the water near the wall of the outer tube
where cooling is needed. To keep the quantity of water in the plate line
assembly to a minimum necessary for the cooling, a third tube, 5/8” copper,
was placed inside the brass tube as a return line. Water is obtained from
the distilled water supply used for tube cooling in the oscillator cabinet.

The plate transmission line enters the cyclotromn tank through a zircon
bushing 8 1/8" in diameter sealed with a 1/8" rubber gasket. To provide for
replacing the bushing, it was necessary t0 sectionalize the transmission line.
A 9" section is removable from the line and a mechanical split clamp serves to
mske the connection. The water circuit is brought out of 'éi'ther end of this
section b}; means of a 5/8" copper tube linked by Tygon tubing. The plate
coupling line is joined to fhe south dee stem by means of a 2 1/4" by 3/8" by
12" silver=-plated copper terminal block permanently welded to the stem. An
adjustable jumper comnecting this terminal block to the coupling line permits

approximately 11" of adjustment along the dee stem,



FIGURE IS. INSTALLING COUPLING LINES
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The filament line is inductively coupled to the north dee stem by an
adjustable loop in series with a variable capacitor. The loop of 1 1/2" i8))
copper pipe is 7" across and can be moved over the range 4" to 18" from the
dee stem. The electrical comnection is from the line to the capacitor
through the insulator to the loop. The grounded end of the loop passes
through a sliding vacuum seal in the tank extension wall, The filament

line, including the coupling loop, 1s air cooled.

The Oscillator

The oscillator cabinet is on a steel platform in the cyclotron pit, at
the ground floor level, Figure 15. The location was determined by the re-
quired length of coupling lines and by the magnet field distribution. A
position of sultably low field intensity, < 60 oersteds, was located by mapping
the stray field about the magnet. The double cabinet for housing the oscilla-
tor and associated equipment is 6 feet by 11 feet by T 1/2 feet high. RE
losses are reduced to a minimum by the use of copper for lining the cabinet
and for as many components as possible, Figure 20,

The oscillator is of the self-excited, radio=-frequency grounded-grid
type. It was designed for the use of two F-134 tubes. During test operation
only one tube was used and present performence is still being obtained with
one tube. When more power is required the second tube can be added, Vacuum
type capacitors, both fixed and variable, are used throughout with the excep-
tion of the ceramic capacitors for grounding the grid. The rf chokes in the
fllament supply circuit consist of coils of s0lid copper bar, one inch square.
The ceramic "Lapp" coils originally used for introducing cooling water to the
tube and fhe plate line failed whenever the oscillator voltage wae increased

to give 200 kv dee-to-dee. They have since been replaced with choke coils
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wound from copper tubing to provide rf insulation. The control cabinet,

adjacent to the oscillator cabinet, houses the filament transformers, fila-
ment induction regulator, fixed and variable grid bias resistors, voltmetei'
resistors, and control and interlock equipmeﬁt. Interlocks on all doors of

the cabinets provide protection from high voltage equipment.

Oscillator Plate Supply

Twenty Alpha I high voltage supplies have been modified so that each
supply can deliver 1.5 amps at 20 kv, positive at ground, The supplies are
connected in parallel; a fused disconnect switch in the output of each supply
permits the operator to remove a faulty unit from service without disturbing
the remainder. The negative output potential can be varied from 2 to 20 kv
by means of induction regulators in the primaries of the supplies. With this
arrangement it is possible to trim each individual supply or to vary the total
plate voltage by changing all supplies at once. The appropriate overload

relays are used for the protection of the oscillator tube and supplies.,
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THE ION SOURCE ASSEMBLY

The ion source is mognted.on a long stem extending down through the top
of tﬁe vacuum tank, ithrough the dee support frame and splder, and bebtween the
dee stems to the center of the dees, Figurez 2 and 21. The stem is a 2" copper
tube about 14 feet long. It is guided by positioning brackets attached to the
liner. By means of adjustments at the top of the tank the lon scurece can be
moved up or dowo and rotated ebout a verticzl axis to secure the desired aligp-
ment. When repair or replacement of the lon source is necessary the whole
assembly can be rewoved through a vacuum lock., Stepped plugs properly located
in the rocf shield are removed to permit changing the ion source with a winlmum

of lost time.

Hydrogen Feed System

The rate of flow of hydrogen into the ion source is governed by a
pneumatic valve which is remotely controlled from either control station. The
cylinder from which the hydrogen is supplied is housed outslde of the cyelotron
building. A%t each station a pressure gauge in the line contrclling the penu-
matic valve has been callbrated 1o read hydrogen flow in cubic centimeterg per
minute, The rate of flow reguired during operation 1s from 2 10 3 cc/min. In
order to conveniently obtain a periodic re~calibration of the gauge, a flow
weter (Fisher-Porter Rotometer) 1is permanently installed between the supply
and the pneumatic valve. Since boih the flow meter and the pneumatic control
depend upon constant gas pressure to wmake the rate of flow wmeapingful, & spe-
clally deslgned Taylor differential pressure transmitter is installed ahead

of the flow meter.
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FIGURE 21. ION SOURCE ASSEMBLY .
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The Ion Source

A hot-cathode ion source is used and the usual "feelers” on the dee are
replaced by a slotted graphite accelerﬁting electrode, Figure 22. The ibniza-
tion, or arc, chamber is a graphite tube 0.563" 0D, 0.375" ID, and 10.7" long,
enlai‘ged at one end to fit over the cgt.:hode , and closed at the free end with
an insulated anode. The cathode is inclosed in a copper support block attached
to the end of the source stem through which hydrogen is fed into the arc chamber.
A 0.170" tantalum filament drawing 300 to 450 amperes serves as the hot cathode.
.Electrons ere accelerated from the filament into the arc chgﬂber by a 100 to
300 volt potentiél, the normal arc current being 0.5 to 1.5 amperes. Protons
escape from the ionization chamber through a lateral slit. This arc slit is
usually 0.062" by 2.5" but smaller apertures aré used vwhen sméll proton heam
currents are required. A defining slot between the filament chamber and the
arc chamber determineg the shape and position of the arc. The filament is
aligned to completely cover this circular defining slot. The front edge of the
defining slot is placed tangent to the external plane of the arc slit.

The floating enode is a graphite plug insulated from the arc chamber by
a plece of quartz tubing. This anode is held in place with adhesive cement
(Sauereisen Insa-Lute), which is also used in making the cathode chamber gas-
tight.

A slotted graphite accelerating electrode is mounted on the dee facing
the arc slit. The offset of this accelerating slit with respect to the arc
slit is adjustable, as is the spacing between them. The alignment of the ion
source with the magnetic field and with the accelerating slits is critical
and is carefully adjusted‘to obtain best performance. fhere are two water-

cooling circuits, one for the filament leads and the other for the chamber
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support block, the total water flow being about two gallons per minute.

Ion Source Pover Supplies and Controls

The power supply and conbtrol eircuits for the filament and arc are shown
schematically in Figure 23,

Filament Supply. To.supply dc power to the ion source filament, two
Alpha I filament supplies are connected in parallel. Bach supply, consisiing
of a 400:12 step-down transformer and a copper oxide rectifier, is rated atb
300 amperes at 3 to 6 volts. The output of these supplies 1s controlled by
saturable reactors in serles and operated through one 5. E. Reactrol unit,
which evenly divides the load on the two rectifiers.

Arc Supply. The potentlal between the filawent and the ionization chamber
of the ilon source is provided by a dec power supply rated at 10 smperes at 75 %o
400 volts. This supply is made up of a bank of three 2 kva, 460/230 volt
transformers, connected AY, and a three-phase full-wave rectifier using FG-32
mercury vapor tubes.

Arc Controls. Arc voltage and arc current can each be varied independently.

A saturable reactor in the primary of the arc supply ls controlled by a Reactrol
contrel ugit which receives ite sigmal from a potentiometer across the de out-
put. A wotorized control on the potentiometer makes it possible fgr the oper-
ator {0 select the desirved arc voltage, which then rewains constant regardless
of arc cuwrrent.

The arc current Ilows through a rheostat from which a signal goes to a
Reactrol wnit which controls the de cwrrent in the saxprable reactors in the
primery of the filament supply. This regulates the filament tempsrature and
thus the arc current. A motor drive on the rheostat is used by the operator
in selecting the desired arc current, which is then held comstbant regardless

of arc voltage.
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CYCLOTRON TARGETS

Various types of targebs can be attached to a target head and iu turn
mounted on the shaft of a target dolly which can be rolled inte position
between the magnet colls, Figure 24, Hydraulic pistons on the terget dolly
1ift the target vacuum’lock into rositlon against the bottom of the vacuum
tank, The target is then raised from the vacuum lock to operating position,
or lowered, by worm gears dviven by an electric motor vwhich wmay be remotely
controlled.

The target shaft consists of two concenitric staipless steel tubes, which
provide an inlet and return for the target coolant as well as providing support
for the target, Figure 25. At the top of the outer tube, a quick-change lock-
ing mechanlsm is welded in place. This mechanlism provides =2 means of atbaching
the target head to the target shaft In a mamner permititing remote operation and
thereby reducling expesure of personnel when a bombarded target is being removed,

The device forces the outer tube against a gaSket in the target head by means

of & wedge which provides full effectiveness when rotated 90°,

The Target Head

The target head is a'mon-expendables part of the target asseubly which
distributes the water from the central tgbe o the target. It is wmachined
from copper or brass. A copper block which fits onko the shaft has an accu-
rately machined hole o receive the inmer tube so that by-passing of the water
clrcult will be negligible. The target is attached to the head by either a
compression seal which was used on early targets, or by means of cap screws,

Figure 26 »
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The Target

The target is usually constructed from either copper or aluminum since
both of these materials have superior heat trausfer properties. The aluminum
targets have an added advantage in that if pure aluminum is used, only short-
lived gamma activity is produced by the protons, thereby allowing the targets
to cool repidly (radioactively). The target shaft upon which the target and
head are mounted is electricsally insulgted.and serves as the lead for moni-
toring the target current.

Of the various types of experimental targets, two are shown in Figure 27.
With the first, the beam passes through & 0,015" aluminum window and into the
target directly behind the window. Cooling water circulates in contact with
the target which ig held in place by a spring clip. This is a convenient sys-
tem for irradiating metallic targets where only a few wmicroampere-hours are
needed, Beams above 100 pa have been used without damage to the aluminum
windows. In the second type, layered target folls are exposed directly to
low=-current beanms,

For larger beam currents a grazing incidence target is used which makes
use of the lncreased area expoéed,when the beam gtrikes the target at a small
angle, 2 to 5°, Figure 28, With the beam spread over a large surface the heat
transfer requirements are reduced and larger currents may be handied without
meiting the target. Over 40 kw of beam power has been measured on an aluminum
target of the type shown. These targets are made from plates of copper or
aluminum in which small water passages are milled to provide high water velo-
city immediately behind the surface bombarded. If another material is to be
bombarded it 1s deposited in a milled~out section of the target surface. The
target is then bent to the proper curvature to fit the beam and attached to its

mountings to give the desired angle of incidence,
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CONTROL EQUIPMENT

Two control stations have been provided. A local control station inside

the cyclotron plt is used for preliminary adjustments and testing. When the

machine is ready to operate at hazardous radiation levels, control is shifted

to the main control room which is located 400 feet from the cyclotron pit.

The two sets of controls have proved very convenient and well worth the dupli-

cation required. With exceptions as noted, all of the following items are

avallable at both control stations.

1.

2e
3.
k.
54

6.
Te
8.
9.
10.
11.
12.
13.
1k,
15.
16.

Individual voltage control for each of the 20 rectifier units
of the oscillator power supply.

Individual ammeters for the 20 rectifier units.
Master On-QOff control of the 20 rectifier units.
Master voltage control of the 20 rectifier units.,

Total current meter for the 20 rectifier units, or oscillator
tube plate current ammeter.

Voltmeter for the plate voltage of the oscillator tube.
Individual dee-to-ground peak-reading rf voltmeters,
Dee-to-dee peak-reading rf voltmeter.

Dee support plate rf voltmeter, remote console only.
Beam current milliawmmeter.

Beam current integrator, remote console only.

Beam current recording meter, remote console only.
On~-Off control of the ion source filament current.
Manual current control of the filament supply.

On=-0ff control of the ion source arc supplye.

Current control of the arc supply.



17.
18,
19.
20.
2l.
22,
23.
2h,
25.
26.
27,
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
4o,

41,

Voltage comtrol of the arc supply.

Filament current meter.

Arc current meter.

Arc voltage meter.,

Oscillator tube filament On-0ff control.

Oscillator tube filament voltage meter.

Dee trimmer drive control.

Dee trimmer position indicator.

Magnet energizing current, coarse and finme adjustment.
Magnet energizing current meter, remote console only.
Ion source stem rotational aligmment control, remote console
Osclllator tube grid current weter.

On-Off control for dee blas supply.

Voltage control for dee blas supply.

Dee bias voltage meter,

Dee bias current meter.

Dee~to~dee phase relationship oscilloscope.

Master overload relay for oscillator tube plate current.
Pirani gauge for vacuum finishing header, pit console only.
Jonization gauge, 35~T type, controls and meter.

Philips ionization gauge controls and meter.

Vacuum gate valve push-button controls.

Jon source hydrogen gas flow indicator and control.

Radiation imstrumentation for gamma-neutron recording and
for neutron measurements, remote console only.

Individual magnet coll voltmeters,

76
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43,
e
ks,
46,
4.

48.

49,

T

Recording potentiometer for magnet winding temperature, remote
console only.

Auxiliary magpet field On-0ff control, remote console only.

Auxiliary magnet field ralse-lower control, remote console only.

Auxiliary magnet field current meter, remote comnsole only.

Target calorimetric heat balance recorder, remote conscle only.

Recording watbmeter and controls for calibrating the target
balance recorder, remote console only.

Indicator lights for the following:

8.
b.
CO
d.
ec

Red

8.
b.
C.
d.
€.
f.
g
h,
i.
Ja
k.
1.
M.

Control station in use ~ local or remote
Oscillator cage door closed

Osclllator permissive switch closed
Qscillator control power on

Oscillator tube filaments on

indicator light, alarm bell, and silence button for the following:

Insufficient oscillator tube cooling air
Insufiicient osclllator tube cooling water
Osclllator cabinet water overflow
Insufficient dee water

Insufficient lon source water
Insufficient probe water

Insufficient liner water

High level of radistion outside shielding
Vacuum pressure too high

Magnet colls hot

Insufficient oil flow

Fire fog system in pit activated
Rotating barget in operation

Control Stations

The local conirol sitation is im the cyclotron plt at the ground floor

level. Instruments are mounted on a console type desk and on an auxiliary

62" by 19" relay cabinet, Figure 29. For the comsole desk, 1/8" sheet steel

panels were attached to a five-foot steel office table.
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A small room adjacent to the building switchboard room, Figure 3, was
adapted for use as the main control room. Located on the main floor in the
south central section of the building, this remote control station is approxi-
mately 400 feet from the cyclotron. Controls and instruments are mounted on
& console desk, similar to but larger than the local console, and on four
auxiliary, 62" by 19", relay cabinets, Figure 30.

Pover to operate the control circuits is supplied through two 110 volt
ac buses. All Off relays are gupplied through a common bus and can be oper-
ated from either station at any time. The bus for On and Raise-Lower circuits
are on a divided bus, that is, there is a separate section at each control
station. Only one section of this bus can be energized at a time through a
selector swiﬁch at the local control station. An operator inside the cyclo-

tron pit can thus prevent operation from the remote control panel.

Control Circuits

The various controls, indicators, and alarm circuits at the control
stations are ﬁriefly described below, The numbers used refer to the items
listed above.

| 1. Since the power supply is made up of 20 individual rectifiers which
vere available in the bullding, it is necessary to control each rectifier
separately in order to balance the load distribution. There is‘a motor=-driven
induction voltage regulator im the primary circuit of each rectifier,

2. To meter the current output individually the ground side of each
rectifier 1s connected through a 0-3 ampere ammeter at the console to a
common ground. Each meter is protected by an inductor-capacitor network.

A film gap is connected from the higﬁ potential side to ground to protect

the meter from high voltage in case a lead opens,
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3. For the master On-Off control of the rectifiers, two relays were
mounted at each rectifier. The On relays for all rectifiers are energized
gimultaneously from the divided control bus. The Off relays on all rectiflers
are energlized simultaneously from the common control bus. Thus, the plate
voltage of the oscillator can be turned off from either console at any time,
but can be turned on from only the console in use. The power that actually
turns on each rectifier comes from its own unit, so unless a rectifier control
is turned on, the rectifier is not energi;ed. Because of this, only those
rectifiers which are in standby service and switched into the line are ener-
gized. The Off switch is interlocked with the overload relays, the oscillator
control povwer, and the reverse current relay from each rectifier, so that any
one of them will turn off all rectifiers.

4. The master voltage control is used to change the output voltage of
all rectifiers simultaneously. A master relay contact parallels each of the
individual Raise-Lower switch contacts. When the pfoper relays are energized
through the master Raise-Lower switch at either console the induction voltage
regulators at all rectifiers are run simultaneously. The supply to these
motors is interlocked so that if the master control is in use none of the
individual controls will work. This 1s necessary to prevent an operator from
trying to run a regulator in both directions at the same time.

5. To meter the total current at each console, the leads from the ground
side of the meters for the individual rectifiers are connected together through
a shunt to ground and the potential drop metered at both comsoles,

6. A 0-2 milliampere meter with a 0-25 kv scale is used at each console
to meter the plate voltage to the oscillator tube. In the oscillator cabinet

a 12,5 megohm multiplier resistor is connected from the plate supply bus to
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ground, The indicating mebers at the consoles are connected ipn series wlith
the ground end of the multipliser resistor.

7 & 8, The peak-reading dee voltmeter circults register both dee-to-
ground and dee-to-des rf potentials. Aun oscllloscope across the dees permits
a continucus check of the phase relationship of the potentials on the dees.
Current from each voltmeter probe located approximately six inches from each
dee is rectified, filtered, and measured by a opne-milliampere meter. Similar
meters on the two consoles are in series. They are calibrated and provided
with the proper shuants for two scales, 0-150 kv and 0-300 kv dee~to-ground,
and 0«300 kv and 0-600 kv dee~to-dee,

9. The rf potential on the dse support frame, which is proportional to
the unbalanced dee-to-liner current, is metered from a prcbe in a manner siml-
lar to the dee-~to-dee potential., Ia operation the position of the trimmer
capacitor is adjusted to minimize the rf potential on the dee support frawe.
This type of control ig also extremely useful in matching the frequency of
the dee system to the magnetic field for peak resonance conditions.

10, The current 4o the target iz filtered and then indicated on an
amneter with ranges of O-,1-~1-2 milliamperes., Jacks are provided at both
consocles for connecting other meters of any desired range,

11. A modified watt-hour meter is used to record ilantegrated beam current.
It consists of an ordinayry low range vatt-hour melsr, the current coil of which
is supplied from a regulated 60~cycle square wave by 2 synchronous vibrator
driven.in phase with the voltsge applied to the current colls of the meter,
After chopping, the target current is filtered; smplified; and then aspplied
across the potential coil of the wattmeter., Thus the rate at which the disc
turns is proportional to the target current. Tests have shown +that it wain-

tains excellent celibration {t 2,5%) over the specified vanges. The various
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ranges, 10-50 pa, 50-200 pa, 200-1000 pa, are necessary to prevent distortion
in the amplifier which energizes the potential coll.

12, The beam current is also recorded on an Esterline-Angus recording
williammeter reading one milliampere full scale.

13. The ion source filament On-0ff switch is interlocked with the source
cooling water and the filament rectifier fans.

14, The filament current can be set to any desired maximum value by a
control which actuates & rheostat located in the input signal circuit to the
filament reactrol.

15-17. For arc control circuits see the section on ion source power
supply, page 66.

18. Filament current is indicated by a 0-500 smpere meter across a
500 ampere, 50 mv shunt in the filement lead.

19, The arc current is Indicated by a 0-10 ampere dc meter.

20, The arc voltage is indicated by a 0=400 volt dc meter.

21l. The On switch of the oscillator tube filaments is interlocked with
air cooling and water cooling for the tubes.

22. The oscillator tube filament voltage is metered by a 0-700 volt
meter in the primary of the filament transformer,

23. The trimmer is driven by a l/h hp motor through a gear reduction
unit and a belt drive.

2k, The trimmer position is indicated by a 100 microampere dc meter.

A regulated dec supply, with 105 volt output, applies a constant voltage across
a potentiometer which is turned an amount proportional to the travel of the

trimmer.
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25. To adjust the magnet current over a limited range (110 amps) a dc
gource is provided at each console. Two decade resistors are in series with
a 1.5 volt dry cell and with the current regulating shunt of the magnet regu~
lator. The current is adjusted so that the drop across one step of the
coarse decade corresponds to 10 amperes and the drop across one step of the
Tine control decade corresponds to one ampere on the magnet current measure-
ment shunt. The decade resistors buck out part of the sigunal from the shunt
to the regulator and causes the regulator to change the wagnet curreant in
ten~ and one-ampere steps.

26. 'The magnet current meter on the remote console has a suppressed
zero so that its scale is from 1,000 to 2,000 amps. It is energized by a
2,500 amp, 50 mv shunt.

27. A Selsyn motor systew operabting through reductlon gears is made to
control the rotation of the ion source stem a waxiwum of three degrees. This
makes possible the alignment of the source for maximm ion ouwtput.

28. The grid current of the oscillator tube passes through a 3 amp,

50 mv shunt. X-ray cable is used in commecting this shunt with meters in
both conscles.

29-32. See the section describing the bias potential on the dees, page4T.

33 A two~inch oscilloscope installed on each console recelves its
signal from the dee voltmeler probes. Signals from the north and south dees
are placed on the vertical and horizontal plates respectively.

34, The overload relays for the oscillator plate current azre connected
to the ground side of the total current shunt at each conscle, The local con-
sole relay can be adjusted to trip et any desired amount from L4 4o 16 amps dc.
The relay at the remote console can be set for 10 to 40 amps. The ground con-

nection can be switched from cone relay to the other by a switch on the local

console.



35. The hot wire of the Pirani gauge is located in the dischiarge of the
diffusion pumps (in the finishing heazder).

36. An ionization gavge of the type using a wodified Eimac 35-T tube
is wmounted on an auxiliary panel at each control station. There are two 35-T
tubes mounted in the vacuuwm manifold with a selector switeh in a Junction box
located outside the shielding wall for convenience in case z tube bhurns out
during a run.

37. Conventional Philips ionization gauges are used, Two chambers are
provided in the vacuum tank and either can be switched to either control
station, Sce page 6.

38. Motor-driven gate valves are mounted between the tank and the
diffusion pumps. Push~bution controls and indicating lights for these valves
are located at the remote control station, the utilities panel, and at the
gate valves,

39. The hydrogen gas flow indicator and control is mounted on an
auxiliary panel at each console., This control is opérated by compressed
air, see page 62.

40, Radiation instruments are discussed in a separate section, see
Appendix E.

41. The voltage drop across each magnet coil is important since the
coils are carrying approximately U0% wmore current than they were originally
decigned for. With the voltage drop and current known, the coil temperature
is readlly determined from a famlly of curves.

L2, The average temperature of the magnet coills is recorded by an
installation which takes a signal from the current measurement shunt and

compares it with a signal from the magnet voltage. As the coil temperature
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increasss the ratio of voltage to current lncreases., A contactor in the
recorder can be set'to sound an alarm when the temperature reaches a set value,
The present limit is set at 77°C.

43-45, The controls for the auxiliary field windings consist of an
On-0ff push-button and a potentiometer which comtrols the input to the field
of a 15 kw amplidyne generator which in turn determines the dc output supplied
to the windings. A 0«30 amp meter is used to indicate the current output of
the generetor.

46, A recording potentiometer which reads directly the temperature
difference between the incoming and outgoing target water to within 0.1°C is
also available, The power dissipated on the target is reliably determined
from a heat balance obtained from the flow rate and the temperature rise of
the coolant. A wobble-plate rate meter 1s used to measure the water flow.

The power input can be determined by applying the formula:

Power (kw) = 0.266 x Flow Rate (gpm) x AT (°C)
In general, the power input obtained from meter reading and the calorimetry
method check within 5%.

47. The recording wattmeter amd comtrols for a system which is used for
calibrating the recorder described in (46) above have been installed at the
remcte control panel. This system is as follows: Three 460 volt, three-phase
heaters have been installed in the target water inlet circuit located below the
cyclotron. These heaters, rated at 27 kv, are energized from an induction
regulator which is controlled from the remote console. A recording wattmeter
is used 1o measure the amount of power belng dissipated in the water., By
energizing the calibrating heater toiany pover desired, up to 27 kw, and

observing the change in probe water temperature on the heat balance recorder,
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very accurate check points can be obtained on the AT expected from dissipating
any value of beam power up to 27 kw under actuwal operating conditions.

48, These lights and the trouble lights, bells, and silence buttons
(below) are all on an auxiliary control panel.

49, A red light comes on and a bell rings at the remote control station
if any ome of a number of things go wrong. A push button under each light can
be used to silence the bell, but the light stays on until the trouble is cleared,
The push button has a momentary contact; the alarm circuit is so relayed that

if the trouble clears and then reappears the bell rings again.
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SHIELDING

The shielding wall surrounding the cyclotron is designed to reduce the
neutron flux to less than 200 neutrans/cm2~sec, the permissible exposure for
100 kev neutrons. Thecoretlcal calculations indicate that a one-milliampere
beam of 25 Mev protons on most targets produces neulrons at a rats off about
J.C)llL ver second. For a maximum beam of five millieamperes, this gives a flux
of about lO8 neutrons/cmzvsec, 20 feet from the target., After filtering
through several feet of concrete, the neutrons are reduced in energy te at
least the inelastic scattering threshold of materials in conerebe, 10 %o 100 kv.
Most neutrons may be expected to heve energies congidersbly less than this, and
a considersble fracticon are thermalized. The shield wall must be thick encugh
to produce an attenuvation of lO5 or sboubt 12 attenuation lengths. Ths attenu-
ation length of fission neutrons in concrete is about 4.5 inches,* while for
lower energy neutrons 1t is comgiderably less. For this length a wall thick-
ness of 5S4 inches is indicated. To allow for a factor of safety, a five foot
sﬁield wall of ordinary concrete was specified,

The eyclotron shielding consists of five feet of concrete on the four
sides and the top, Figure 31. Three walls are golld relnforced concrete but
the south wall is bullt of prefabricated comcrete blocks, 4" by 8% vy 16",
which can be removed in case of a major redesign requiring wmore space in the
cyclotron pit. The east and west walls provide support for the roof, Two roof
girders made of 36" I~-beams, cast into concrete, rest on these walls., Cpenings
through the shielding wall provide for a2 main emtrance at the ground floor

level, an emergency exit from the lower level of the plt, and openings

* Sleeper, H. P., Jr., ORNL-L36,
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for utility lines entering the pit. In these latter openings, spaces around
the pipes are tamped solidly with Bensonite iron ore. Several two-foot square
openings for possible future use are tewporarily closed with concrete blocks.
The entire roof of the pit is composed of removable concrete blocks in
two layers. Eight 4O-~ton blocks rest upon the east and west walls. Thirteen
20~ton blocks rest upon the roof girders. These smaller blocks are so arranged
that by removing three of them, a sufficiently large opening is formed in the
roof to pass the dee assembly and liner. They can be handled by a single
overhead crane; the larger blocks require the use of two 20-ton overhead cranes.,
When it is necessary to change the lon source in the cyclotron a small stepped
plug through the roof blocks immediately over the cyclotron may be removed,
making it unnecessary to remove the three 20-ton blocks. All blocks are so
placed that there are no cracks penetrating the entire thickness of the shield.
The wain entrance and the emergency exlt are provided with mazes built of
4 by 8" by 16" concrete blocks. The main entrance leading directly to the
oscillator platform is designed so that equipment can be quickly and easily
moved in and out of the cyclotron area, The maze at this entrance is a
passageway four feet wide consisting of three short corxildors at right angles
to each other, The walls of the maze range in thickness from 32" on the south
side to 48" on the east side, opposite the opening in the main shielding wall.
The roof, supported by steel beams, is 36" thick. The emergency exit from
the floor of the cyclotron pit through a maze in the north wall is only 20"
wide. The ladder at the outside of the maze leads to the ground floor of ‘the

building.
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Measurements indicated the presence of an excessive peutron flux just
outside of the entrance maze. A shield door of two inches of wood and eight
inches of encased paraffin, designed to reduce the neutron flux, has now been
installed and neutron measurements indicate an attenuation factor of 200
through the door., There 1s still some leakage around the edges. The neutron
flux, normalized to a one milliampere proton beam on tantalum at 25 Mev, is
tabuleted below in units of permissible exposure (200 n/cmzwsec for a WO-hour
week).

Units
Waist height, center of door 0
Waeist height, edge of door 6
Waist helght, 4 feet in any direction 0.
o

On floor, center of door
10 feet above floor, center of door 6
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UTILITIES

The various utility services required for cyclotron operation were
provided by conversion of established utility installations formerly used
for calutron operation. A pumphouse and cooling tower are adjacent to the
building in which the cyclotron is located. Two 2800 gpm centrifugal yumpé,
each driven by a 250 hp motor, circulate distilled water through heat ex~
changers and to an 8000 gallon storage tank on the roof. Also, two 6000 gpm
pumps driven by 300 hp motors circulate the cooling tower water with the
tower basin as a reservolir; the usual bank of fans is available for tover
draft. A system for clrculating oll through the calutron magnets and the
cooling tower is capable of pumping over 5000 gpm. Water lines and oil lines
were avallable within a féw feet of the cyclotron location. Of course tﬁe
capacity of these systems far exceeds the cyclotron requirements; they were

adapted with a wminimum of modification.

Distilled Water System

The water used in the system is demineralized stecam condensate With a
resistivity of around 25,000 chms per cubic centimeter. Should it be desir-
able to increase the resistivity of the water, a de-aerator of the steam
ejector type can readily be activated. The estimated cyclotrpn water require-

ments in gallons per minute are:

Rated Present
Dee assembly 300 175
Liner 50 15
Varlable trimmer 10 3
Source 10 3
Target 75 50
Oscillator and transmission lines T0 50

Diffusion pumps 30 30
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The original system furnishes water at 160 psi to a pressure regulating
valve, which reduces the pressure to 70 psi. Thé components of the cyclotron,
with the exception of the target, have been desligped to provide adequate {lov
at this pressure. In order to prevent the pressure from rising sbove this
value a relief valve was installed on the lovw prgssufe side of the regulator
valve which dumps into the storage tapk on the roof. Three replaceable filters
in parallel are used in the 4% line from the pressure regulating valve to the
cyclotron. ¥For the fargetcircuit, vhere the dolly makes excessive impedance,
3 szeparate regulator has been add@q to provide a pressure of 1hO lbs/inz.

Originally, the existing system had a 20 psi back pressure due to the
location of the storage tank on the roof. To make the 70 psi head pressure
more useful, a 5000 gallon tank was installed near and ov the same level as
the cyclotron. All water circuits im the cyclotron empty into this tank
through a 6" header, thus reducing the back pressure to about Ut psi. Water is

separately pumped from this tank back to the storage tank on the roofl,.

Magnet 0il System

Magnet cooling oil at 100 psi was avallable in a 10" header within a few
feet of the cyclotrowm. The oll has a specific gravity of 0.895 and & viscosity
of 9.8 centipolses at 100°F. Since no provisions had been made for filtering
the oll; eight cylindrical filters were installed in parallel; each presenting
about 10 sguare feeb of single layer flanmel. A pressure reducing valve is
arranged so that if controlling alr pressure fails the regulating valve will
close;, thus protectlng the magnet coils from excessive pressure. The return
section of the system has an 18 psi back pressure and provisions have been made
for the installation of a booster pump should this high back pressure be trouble

SOme .
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0il connections 4o the four magnet coils are in parallel. Each coil
requires around 225 gpm at a maximum allowable pressure of 35 psi., Even with
the small heat load of the magnet, the cooling tower and draft fans must be
operated Guring the course of a long run in order L0 secure an appropriate
drop in oil temperature and to insure that the coll temperature remains below

the limit of 170°F.

Compressed Alr System

A centrally located air compressor serves the entire Y-12 area; two
auxiliary compressors are avallable in the cyclotron building. Compressed
alr is used for pneumatic controllers, pistons, and alr wrenches. Since the
plant compressed air supply contained too much oil to be satisfactory for
cooling oscillator tubes, a Nash water-seal centrifugal compressor was in-
stalled near the cyclotron with 4" pipe duct. The oscillator tube requires
300 cfm of eir at 10 psi.

Dry air is required as a drying agent for the Kinney pumps as well as
for exposing the vacuum chawber to atmospheric pressure, A set of Hoffman
centrifugal blowers, Type EBA, and Lectrodryers, Type BWC, were imstalled to

provide dry air at 3 psi.

Ventilating and Heating

The cyclotron pit is kept under a slightly negative pressure by means of
a centrifugal blower. The plt air is filtered by CWS filters and then exhausted
above the roof of the building. This blower wotor is interloéked with the fire

alarm system so that the air draft is cut off in the event of fire.
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Utility Control and Instrumentation

Thorough instrumentation and centrallzed control of the utility services
are provided at a 7 foot by 20 foot utllities panel, Figure 32. The utilities
panel is supplied by a 1 KVA; 460/115 volt transformer connected to the 460 volt
building supply. This installation is located outside the shielding wall and
about 20 feet east of the pit. During comstruction of the cyclotron, thermo-
couple wells, orifice flanges, and guage nipples were installed at those polints
1n the lines vhere information was desired. These were then connected to the
utilities panel. A smaller panel with only the most essential indicators and
alarms is located in the maln control room. The utilitles panel presents the
following data:

Magnet Oil System

1. Records supply and regulated pressure.

2. Indicates supply and retorn temperature.

3« Indicates average voltage drop as a function of coil
temperature, through each of the four coils, and
provides an alarm should this voltage drop indicate a
coil temperature in excess of 170°F.

Distllled Water System

1. Records supply and regulated pressure.

2. Indicates supply and retwrn temperatures,

3+ Records discharge water temperature of the six vital
flow circuits: liner, dees, oscillator, source,
targét, and variable trimmer.

4, Records flow through each of these six circuits and
provides an alarm should any fall belov a mivlmum.

Miscellaneous Indications, Controls, and Alarms

1. Vacuum, Piranl gauges on roughing and finishing headers,
alarms on high pressure.

2. Diffusion pumps, heater power control.

3. Gate valves, control for motor drives

L, vVentilation inside shielding wall

5. Liquid level of dilstilled water storage tank.
6. TNash air compressor,

T. Lectrodryer,

8. Fire alarm and COy system.

9. Radiation monltors and alarms.
10. High voltage interlock system.
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32.

UTILITIES PANEL
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CYCLOTRON DEV ibLOPMENT

A period of eight months elapsed after the first beam was obtained on
the cyclotron in November 1950 before reliable performance at high beam
currents was achieved. In this period a considerable amount of experimental
testing and equipment revision was necessary. During two shutdowns (March
and July, 1951), modifications were made which resulted in control of ion
loading, correction of the median plane of the magnetic field, and in increased
continuity of operation. The machine was then operated for six months without
any major interruptions. A scheduled shutdown was made in January 1952 to per-
mit changes which resulted in a significant increase in beam energy. The target
vacuum lock was also enlarged to admit larger targets, and better facilities

for safe handling of targets with higli-gamma activity were provided.

Ion Loadi

When the cyclotron was originally assembled oscillations were readily
obﬁained at atmospheric pressure, but when the machine was placed under vacuum
it was virtually impossible to start the oscillator. It is a characteristic
of the grounded-grid self-excited oscillator, such as used on the cyclotron,
that, due to oscillating electrons, or ions, a condition is set up at low rf
voltage which prevents the dees from charging up to full voltage and therefore
opposes the initiation of rf oscillations. This condition is referred to as
"ion loading."

Test Grids. In the first successful effort to overcome this difficulty
vertical grid structures composed of #12 copper wire were mounted near the
liner walls, opposite the dees. The grids were supported on insulators

attached to the liner and were shunted to ground through ceramic capacitors.



98

When a negative bias of 1500 volts was applied to this grid structure, rf
oscillations could readily be cbtained on the dees in vacuum, but comtinued
operation was impossible due to excessive ri heating and insulator Tailure.

Water-Cooled Grids, The grid wires were replaced by grid structures of

3/8“ copper tubing suspended vertically belween the dees and the liner and
supported by insulators at the top and at the bottom. This grid system, with
a negative bias of 1 to 3 kv, permitted reasonsbly satisfactory cyclotron oper-
ation except for an occasional ilnsulator failure. As higher beaus were obhtained
the rate of failure of the lower ingulators became excessive and they were
removed, allowing the grids to swing freely between the deeé and the liner,
occasionally shorting to ground. The arrangement was further lmproved by water
cooling the grid structure. Operation was falrly steady up to 200 kv; dee-to-
dee, Severe sparking occurred frequently, especially at the higher beam
currents.

Approximately 30 successful runs were made with the water-coocled grids.

The best performance during this peried is summsrized:

Beam Meter Energy, at H Dee-to=Dee
Reading . (ua) (Mev) Potential (kv)
5000 3 50
1000 15 210
100 20 2k
10 22 280
2 2k 300

Biased Dees. It had become apperent that the water-cooled grids were a
principal factor in limiting‘the deg-to-dee vpltage. In order to improve oper-
ation, a time consuming and guestionable program of grid desisgn and development
would have been necessary. As an alternative method for controlling ion load-
ing, without the use of grids, the dees were imsulated so that a dc blas poten-

tial could be applied to them. A temporary installastion involving relatively
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simple changes was made first. A 750 pufl capacitapce was inserted in series
with the plate coupling line at the tube end to prevent the shorting out of
the de blas without in%erfering with the transmission of the »f power. The
dee support plate was insulated frowm gromnd by means of 1/8" of Teflon, which
has excellent rf insulation characteristics, An insulating hose was inserted
Iin the water header. The liner clamps were removed from the splder and the
liner-to-spider clearance was increased to 1/2% at all points. This effec-
tively isolated the dees from ground. After the above changes, cycletron per-

formance improved markedly, as shown by data taken in June, 1951,

Beam Meter Energy, at H€ Des=-to-Dee
Reading (pa) (Mev) Potential (kv)
1010 15 300
790 20 330
500 22 380
200 2k 380

Hew Dee System. Although periods of excellent operation were cbtained

with the original insulated dee system, operation was wmmcertaiun because of
Teflon insulation failures and local heating effects. In July, 1951, a secand
set of dees with improved water circuits and other features was Ilnstalled. In
the new system the dees rest upon four Alsiweg 222 insulalors mougted from

the inner walls of the tank. The plate-line dee~gtem terminal 1s brazed %o
the dee stem, eliminating the doughnut-shaped clamp and insvring good contact
and cooling at all times. The connecting dee~stem clamp and the dee sUpport
plate are water cooled, A 3/8" gap 1s maintained bebween the ta;k and the dee
support plate so that the entire system is insulated from ground. A negative
bias potential is then applied to the assembly in the usual mamner. Since

this system was installed ion loading has ceased to be a problem.,
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KF Balapcing. In the insulated dee system no direct electrical

connection exists from the spider to the liner (ground). This means that all
the growmd current due to dee-to-dee-to-ground unbalance must flow by capaci-
tor action from the spider through vacuum to ground or from the dee support
plate through vacumum to ground. Of the two paths, the dee support plate to
ground probably offers the least impedance to the rf current due to the capaci-
tor area involved. This current results in wvndesirable heating of the tapk
walls. A method of winimirzing this ground current by balancing the dees has
been developed. It consists of changing the dee?to~graund ecapacitance of the
south dee by means of a trimmer capacitor untll a minimum dee support plate rf
voltage is reached, This balance mgst be made at frequent intervals during
operation because the slightest movement of any dee system component results
in a change of dee~to-ground capacitance, with resultant usbalance. Controls
for performing this operation, along with an rf volltmeter, have been installed

at the remote control desk.

Magnetic Field Corrections

Preliminary magnet shims were designed to correct for azimuthal variations
in magnetic field and to provide beam focusing. A displacemert of the medlan
plane of the_magnetic field was corrected by the addition of auxiliary coils
on the ﬁole pieces., The preliminary shims were later replaced by one-plece
machined shims.

Megnet Shims. Measurement of magunetic field distribution on the 1/16

scale model magnet and later on the actual lnstallatien had showa some irregu-~
larities which were the result of convertlng the rectangular field of the
calutron to a circular field for the cyclotron. The 10" pole pieces and 4"

tank walls had left some weak areas that were to be corrected. Magnet shims



101

were aesigned,to correci for these varlations in the field and also to iﬁtrodupe
the desireﬂ.radial distribution of the field required for beam focusing. Pre-
liminary shims were made from flat 86" discs of steel, 2" thick with layers of
0,016" steel shim stock attached to the dises to obtain the desired effects. At
some points as many as ten layers were required. The desired field pattern was
achieved through repeated field plotting and rearrangement of shim pieces, as
described in Apperndlx B. These patchwork shims were used during the early weeks
of test operation of the cyclotron. The chief disadvantage of the layered shims
was the problem of oubgassing them each time the tank was evacuated., From the
pattern obtained with the preliminary shims, solid shims were designed. The
desired contour was machined into the surface of a 2 1/L" steel plate with a
vertical boring mill, see Figure 9.

Auxiliary Magnetic Colls., When it was cobserved that the beam currents

were sharply diminished beyond the 30" radius, a series of tests was made to
determine tée beam pattern and the position of the beam as a funchtion of radius,
A target head was desiguned to contain five copper targets which could be in-
Jected sequentially into the path of the beam at various radii during a single
continuous period of operation; no vacuum lock was avallasble at this time., The
shape and position of the beam was determined by radiocautographs of the exposed
targets. It was found that the beam remained near the median plape at radil
from 5% to 23" but that from 23% to 30" it was deflected away from the median
plane at an angle of approximately 20° (to the west). At 30" almost all of

the beam was striking the dees. To correct this condition an auxiliary coil

of 65 turns of #6 wire was wound on the 10" thick pole piece at each side of
the tank. With~~+10 amperegs dec in the coills, directéd in such a way as to
increase the field on one side (west) and to diminish it on the other, the beeam

1s focused close to the medlan plene at all radii,
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Increasing Continulty of Operation

Early operation was somewhatl sporadic with the wachine frequently shut
down for adjustments, modifications; repalrs, vacvum troubles, or perhaps Just
to permit some component to ccol off. Countinuity of operstion improved markedly
when difficulties assoclabted with ion loading were brovght under comtrol. Lost
time due to poor vacuum was reduced by & redesign of the ioun source and target
assemblies, A more rigid iom source stem reduced the incidence of Tilament
breakage.

In preliminery operation the iéﬁ source and the target had hoth been
mounted on the same faceplate and inserted through the bottom of the vacuum
chamber. 8ince no vacuum lock was provided; frequent changes of these units
resulted in much waiting for satisfactory vacuum conditions. During the July
shutdown, separate ion-source and target assemblies were imstalled; each with
vacuum lock. These assemblies have been described in a previous section,

pages 62 and 68. The increase in imnage time for the period June through

September 1951 is shown in the distribution of cyclotron time glven below:

Cause of Outage Percent of Scheduled Time
June July August  September

Leaks and high pressure 20 23 L i
Arc and Ffilament trouble 13 3 2 1
Electrical trouble 12 5 2 N
Rf heating of tank 10 - - o
Dee chanpges T 37 - -
Dee balancing 1 = - -
Sourcee changes - 2 3 L
Target handling 2 T l 2
Refrigerant care = = 2 2
For experiments - - 18 7
Miscellaneous 23 2 10 6
Total Outage 88 9 L5 30
Total Imnage 12 2l 55 70

1C0 100 100 160
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Target Development

When an internsl target 1s used with the face of the target at 90° to
the beam path the total energy of the beam is concenirated om a surface not
more than 4% by 1/4%, The pattern of a cross sectlon of the beam is deter-
mined from radiosubographs of target surfaces. With wabter as a coolant it
is possible to transfer only sboubt 1 kw/inz vhile maintaining a swface
temperature below 150°C. At bigher tempervatures & surface boiling conditlon
would permit a move rapld transfer of heat but the melting of many of the
materials used for boﬁbardmenﬁ limits the use of thizs privnciple., The cyclo-
tron beam has & mavimum oross sectional area of lesa than owe sguare inch .
which, with a perfectly uniformﬁbeam, limite the proton beam power om s 90°
target to ome kilowatt, This means that at 20 Mevy the cyclotron could be
operated safely at a curvent of not more than 50 uya, which is far below the
maximm current obtainable.

Iin order to absorb more power on an internal target the effective area
can be increased by rotating the targebt, or by inclining the surface so that
the beam strikes at s swall angle of incidence; a combination of both cou}ﬂ
be used. Robating targels have been investigated but none have been used vet.
The grazing incidemce}principle has been used in spreading the beam over
large target surfaces.

Grazing Iancidence Targeis. The first water-cocled target mount, Fige

ure 33, was particulsrly comvenlent since the grazing angle could be varieq
from run to run by simply. rotating the target tube in the mechanicsl sg@lsa
The flexibility of this design allowed varicus sizes of bombarded areas, as.
well as different grazing avgles, to be tested in the early explovatory runs.

The targets were made from aluminum or copper tubing, flatiemed in the reglion
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of bombardment to form a 1/16” water passage which, with sufficient water
pressure, gave water velocity of 20-30 ft/sec. This velocity serves to keep
the temperature drop at the water-to-metal film at a minimm required for
handling large heat fluxes or for bombarding materlals with low wmelting points.

As the cyclotron beam was increased from 20 pa to 500 pa it beceme
necessary t6 develop targets having more area in order to dissipate the larger
power inmput., Targets of 6" by 2 1/2" were made with the long dimemsion in the
direction of the beam path, Figure 26, When the new biased dees were installed
it was found that the beam dimension parallel to the magnetic field was L inches
compared with 2 1/2“ in the first set of dees. With improved operation the
beam current available rose to above 1000 pya. Consequently, a still larger
grazing incidence target, 6" by }O", vas made; steps in fabrication of this
target are shown in Figure 34. The starting material for these targets is
tubing 4" in diameter and with l/h" walls, The tubing is annealed and theg
flattened in a hydraulic press against a 1/16" mandrel at about 50,000 psi.
The flgttened.tubing is machined on the ends for attachment of the water
header. To provide needed rigidity twelve holes are drilled through the target
and pins fitted snugly into the holes. The pins and the header are Heli-arec
welded, the desired target material 1s applied to the surface, the target is
bent to the proper curvature, and the mounting is machined for the desired
angle of incidence, usually~v 2°.

Recently an improved method of comstruction of the €" by 10" targets
has been developed which produces a more rigid target surface and better

thermal characteristics, see page 72 and Figure 28,
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Increasing Proton Energy

Barly experinents indicated that the beam energy was somewhat below the
energy calculated from HE . For methods of measuring the energy of the in-
ternal besm, see Appendix D. Where the calculated energy was approximately
22 Mev; activation studles imndicated ~+19 Mev. 1In order to locate the cause
of this lower energy a harmonic apalysis of the magpetic Tield was wade, the
rf voltage distribution on the dees was measured, and the effwect of lon source
position on beam ewnergy was lunvestlgated.

Locating the Center of Rotatlon. Apparently the center of beam rotation

was misplaced from the wagnetic center iu such a way ag to reduce the actual
radius. Since grazing incidence targets are designed to operate at rather small
angles, ~» 2°, it is necessary to know the center of beam rotation; the target
must be very accurately aligned with respect to the beam path. The orbital
path, and hence the center of rotation, was determined with & "burnout® target.
Seven lead folls, 0.002%;, were attached at widely spaced intervals to a long
target base and placed across the beam path. The folls melted cleanly, permit-
ting the beam to be measured accurately. From this deta the center of rotatlon
appeared to be 1.5" below and 2.5"south of the magnetic center. BReam energy
calculated from this center agreed with the epergy as measured from target
activation.

Harmonic Analysis of the Magnetie Field. 8ince the first harmonic in the

magnetic field can cause precession of orbit cemters a harmonlc analysis of
the magnetic field measurements was made, see Appendix B, Where the field is

expressed as;
H= Ha’v(l + A 3iu 8 + B cos 9)

the coefficlients A and B can be determined, Figure 35. Calculations based

upon this analysis indicate that we sppreciable orbital precession can result.
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RF Voltage Distribution on the Dees. The distribution of rf voltage on

the dees was measured on the full scale electriecal model, Figure 40, which had
been used in the origlnal design work. The measured and calculated voltage
distributions were then compared, Figure 36, The measured values fall within
the experimental errors for the caleculated values except for the lower fourth
of the dees. The voltage distribution was not changed significantly by shifting
the trimmers full range and the distribution was essentially unchanged vwhen the
dees were "loaded" with a 100,000 ohm resistor. When the effect of the distri-
bution was analyzed it was not found possible to account for the measured
eccentriecity of the beam orbits,

Increased Energy. During the shutdown early in 1952 the ion source and

accelerating slit positions were raised 1,5%, to a point 1Y below the magnetic
center, and the dees were tilted from the support frame so that the dee center
was shifted southward 0.5%. Since these changes the energy meaéured on bargets
at a radlus of 30.5" agree with B:Q calculations., Preliminary tests indicate,

however, that the center of rotation is still 1.75" south of the magnetic center.

Presence of Large Clrculating Currents

Measurement of maximum beam power has been handicapped by the limited
thermal capacity of targets. I ion source and dee-~to-dee potentlals aré
repeatedly adjusted for increased beam current the targete overheat snd fail
before the limit of output is reached. When the cyclotron is adjusted to
off-resonance conditions the beam is lost to the walls of the dees instead
of striking the targets. The ion output as measured by the current in the
dee blas circult can then be greatly increased. The dee bhias current is
Qorrecte@ for leskage and the results obtained are believed accurate to bebter

than 10%.
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As a measure of available circulating currents, a 500 pa beam was
obtained with the dee-to-dee potentisl at 320 kv and the dee bias 1 kv;
the magnetic field was thenraised slightly off-resconance and the ion oubput
vas meximized by readjusting the ion éource conditions., The average energy
of the loms for both cases was estimated from oscillator loading corrected

for efficiency, see pages 26-27.

Dee Bilas Dee RBias Jon Loading JTon Loading Avg. Ion

Drain Leakage Current Power Energy
Conditions _(ma) (ma) (ma) (kw ) (Mev)
500 pa bean,
on resonance 18,6 8.6 10.0 17.0 1.7
4 na beam,
gbove resonance 599 8.6 50,k 374 0.Th

With the beam or resonance and the cyclotron operating with 500 pa on
the target, the above experiwment shows that 10 ma of beam is circulating for
the first feW‘revolutioﬁs with an average energy of 1.7 Mev. With the "off-
resonance” condition in which almost all of the beam strikes the dees, an ion
current of 50 ma at an average energy of 0.7 Mev was reached. This suggests
that muach larger beams may be obtéined‘at the full energy as the cyclotron

technology improves,
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APPENDIX A: COST ANALYSIS

The following figures are for construction and preliminary testing of
the cyclotron components. The cost of equipment which existed in the building
is not included,; but costs of modifying this egquipment are included.
Item | Cost Total Cost

1. Building Modifications

Preparation of cyclotron site
including offices, laboratories,

and service area $18,092.02 $18,092.02
2. Magnet

2. Magnet yoke 46,494 40

b. Coil supports 55876495

¥¢, Moving coils from a Beta magnet
and replacing them with support

structures 3,735.58
d. Magnet wiring 1,080.68
e. Magnetic shims 5,75L.78
f. Field measuring equipment 7,000.,00 69,939.39

3. Power Equlpment

Preparation of existlng motor-generator

set and associated power equipment;

reinstallation of bullding transformer,

switch gear and control wiring 11,940.28 11,940.28

b, Vacuum System (Installed)

a, Vacuum tank 21,664 ,0L
b, Vacuum manifold 8,395.31
Ces Tank extension 13,077.92
d. Modifications to existing
vacuum pumps and piping 11,312.89
e. Vacuum testing 7,000,00 61,450.13
5. Models
a. Electrical model 6,000.00
b, Other models 565,92 6,565.92

* Coils used are from a Beta magnet; no revisions were necessary.



7.

10.

11.

1z.

13,
14,

15.

JTtenm

Oscillator Power Supply

Revisions of 20 calutron supplies,
agsociated switchgear and traansformers
to give a 600 kv dc power supply

Control Consoles

Constructlon and wiring
Utilities

Water, lights, magnet oil, heat, and
necessary revisions to existing pumphouse

Oscillator

Iﬁcluding plate and filameht
transmission lines

Resonant System

a, Dees

be Liner

c. Spider )

d, Trimming cspacitors
e. Miscellaneous

Shielding

Ge SO’lIt-h wall
b, Other walls
¢, Roof blocks

Ton Source

Including power supplies and
hydrogen system

Target

Handling Equipment, and platforms

Radiation Instruments

TOTAL

$ 24,621 ,h3

11,218.63

45,068.80

40,429,64

30,073.11
1k,767,11
2,507.63
5,376.19
2,000,00

17,315.19
67,275.00
32,153.00

9,500.00
3,565.92
1&,&23}85

8,000.00
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Total Cost

$ 24,621.43

11,218,63

h5,068.80

40,4296k

54,724 .0k

116,743.19

9,500.00
3,565.92
14,423,85

8,000.00
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APPENDIX B: MAGNETIC FIELD MEASUREMENTS

When the magnetic shims were being shaped to provide the desired field
configuration, extensive measurements were required for the entire field
after each shim correction. Semi-automatic equipment, developed to facilitate
magnet field plotting, greatly reduced the time required. A search coil arm
capable of moving the search coil to any portioﬁ of the tank was mounted from
one of the poles. The wotor, clutch assembly, and a gear train providing a
slow speed for rotating the arm 360 degrees in 30 seconds, or a fast speed for
moving the coil radially 1/2" per second, are shown in Figure 37. Two cams,
driven from the gear train; close microswitches which energize markers at each
side of the meter record chart (G. E. fluxmeter, Type 8CE) and thus provide an
exact index of search c¢oil pesition.

A flip coil with an effective area of 114.9 cm2 and rotated 180 degrees,
a Hibbert Standard having 1.920 x lO6 line turns, and a ballistic galvenometer
with a period of 26 seconds were used in teking magnetization data shown in
Figure 10.

The search coil 1s counter-balanced and rotates at a reasonably uniform
speed which is changed very little when the magnet 1s energized. Rotetional
speed of the arm is reduced about SO%, however, by wotor loading arising from
eddy currents in the gears and drive shaft, Most of the data was taken from
clrecular rums; the radial runs, except for the reference runs; were used to
provide check data. A control box with switches for reversing the motor, and
for making the proper circuit changes when shifting to and from radilal and

circular runs, is mounted on a platform at the top of the tank.
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The fluxmeter, Hibbert Standard, and recording meter were installed
more than 100 feet from the cyclotron magnet where the stray field from the
magnet, although very small, was still sufficient to require adjustmept of
the flwmeter. The fluxmeter 1is subject to fairly large drift and requires
continuous attention to obtain satisfactory flux measurements over one-minute
intervals. The search coils have an area of l7,h55 cmz and a resistance of
2400 ohms. For two of these colls the maximum sensitivity is about 0.1% per
swall division on the chart. The resistance of the search coils is much
larger than recommended for use with the fluxmeter; the use of fine wire to
reduce the volume of the coils results in the greater resistance.

A complete set of field measurements includes circular runs every four
inches out to 36 inches in both clockwise and counter-clockwise directions
and also radial runs every 30 degrees, starting at the center and going to
36 inches and back to the center; this requires about an hour. It is possible
then to make minor changes in the shims and to take a complete set of fleld
measurements in a few hours. The close agreement of measurcuments made by for-
ward and reverse runs is shown in the matched charts, Figure 38.

After the contour shims were installed, field measurements indicated that
the flux in an area of 3 to 4 square feet was sbout 0.2% higher than in the
rest of the tank at corresponding radii. Approximately 0,020" of material
from each pole over the area opposite the high field region was removed in
about two hours with a portable grinder. While tests indicate that azimuthal
uniformity to greater than 0.2% can be obtained by careful testing and grind-
ing, this has not been done because there is no apparent justification for

interrupting present cyclotron operation.
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FIGURE 38. AZIMUTHAL FIELD VARATIONS



118

APPENDIX C: DESIGN OF THE RADIO-FREQUENCY SYSTEM

In designing the radio-frequency system emphasis was placed on the
primary requirement of obtalning large proton beam currents at the desired
energy. This implies the need for very high accelerating voltages between
deés to reduce the number of revolutions and thus reduce the phase lag due
to relativistic mass increase during the accelerations. Every attempt was
made to keep the power required to maintain these voltages to a minimum by
proper choice of design and geometry. Since exact calculation of all con~
stants of such a system was not possible the calculated results were used
in building a full scale model of the radio-frequency system from which the
final information for the construction of the actual machine was secured,
page 15.

The three major components of the radlo-frequency system are: the
resonant dee system which 1s composed of the cyclotron dees,; the dee stems,
and the liner; the oscillator; and the coupling lines between the oscillator
and the dee system. The cylindrical dee stems within an oval liner consti-
tute a balanced quarter-wave transmission line which is tuned by shifting
the ground plane by means of a movable shorting spider across the dee stems.

With the exception of the blased dee change previously described, the
oscillator and associated resonant system in use at the present time differs
very little from the original as described by the section to follow. The
osclllator was designed and constructed for two~tube operation; only one tube

has been used, however, see Figures 1% and 39.
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The Resomnant Dee 3Syshen

The desired maximum dee~to-dee potential of 500 kv is produced most
efficiently by means of resonant systems with distributed circuit comstants.
The frequency of oscillation must satisfy the resonance reguirements of the

protons, in this case 13.4 megacycles per szecond. The constants of the reso-

&

) x

nent transmission line terminating with the deses mued be calcuwlated to obtain
this freguency. A balancad guarter-wave transmission line consisting of the

two cylindrical dee stems euclosed in a single oval shield, vwhich is an integral
part of the groumded liner of the vacuwum chamber, was used because such an
arrangement provides for lower resistance and wore nearly umiform current

densiti=s than is obtalned with rectangular structures, A line of thisg con-

ch

struction possesses 10 to 12% lower resistance than = balauced line with
circuler shieids and egual cross-sectional area, The rf sttenuation for the
trauswissicn line must be swall in order to obbain the high 9 reguired for
the high dee voltage. Where d i1s the distaunce between centers of dee stens,
& the radius of the stems and s the radins of the Tlattened oval of the shield,
the conditions for winiwm attenustion sre:™
af{2zs + d) = 0.46

S/Ci. = 4,

Tiie practical ciross-section dimenslons useld in congbruction are:

LR
fi

* Greeﬁ’ Ee Iu, LP'LH ) Fe 5A¢, and C?Mlﬂ, He j“o, "Tht F’I\}i Lia)),uﬁi?')é‘», of
Shielded Cireults Tor Minimum High-Freguency Attenuation,” Bell System
Technical Jowrnal Vol 15, April, 1936, pages 248-283.
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The length of the line (dee stems) is determined by its termination as
represented by the capacitance and inductance of the dees. The next step was
then to estimate the constants of the dees. To provide adeguate clearance for
a maximum beam radius of 33 inches the dees were made 35 inches 1n diameter,
Other dee dimensions depended upon available vacuum tank space, electric gap
requirements, mechanical strength of structures, and accepteble electrostatic

focusing. The following dimensions were specified for the dee structure:

Radius of dees 35 inches
Thickness of dees 8 inches
Distance between dees 4 inches
Distance from plane swrface of dees to ground U4 inches
Distence from peripheral surface to ground T inches

A first approxiwation of the dee capaclitance is cobtained from

n
C 111% K Fn T
gh = Lelbl, n Ef——’un
1 mdn

where K 1s a constant allowling for fringing effects, F is the swurface being
considered and d the distance to ground. The value thus obtained for one dee
is approximately 260 ppf, including allowances for probes, etec. To this fig-
wre must be added twice the dee-to-dee capacitance. From a field plot this
was estimated to be 30 uuf, so that Cp = 320 yuf. Since the dees have large
proportions and represent a considerable length, compared with the wave length
of the oscillations, they behave like a transwuission line. The figure Cp must
therefore be modified to allow for this characteristic. The "effective”

capacitance of this dee-line is given by:
1 1
Cep = ( ) )
2xf
x Zgp COt (2“;\119

where Zgp = characteristic impendence of one dee
A wave length
AGD diameter of dee

i
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It can be shown that the geometric capacitance is egqual to:

Lp

ZOD v

vwhere v is the velocity of wave propagation. The value of Cgp 1s previously

CgDi'—'

estimated. Thus an estimate of the maegnitude of Cep may be obtained from the

ratio:
Zzzf—n
Cep _ ™2 A = 1,10
CgD Zu.zb
A

This means the effective capacitance is approximately 10% larger than the
geometric capacitance. Thus Cep = 1.10 x 320 = 352 uuf, or, reduced to
dee-to~-dee geometry, Cop = 176 puf.

The length of the balanced transmlssion line for resonance with Cgp may
now be determined from:

Ze = Zo tan BL

) where Zg = —
ZﬁfCeD
Z, = characteristic impedance of shielded line

B = %? radians per unit length
L

The value for Z, of the balanced shielded line was estlmated at about 145 ohms

i

length of balanced line

by assuming a2 rectangular shield and meking allowances for the rounded corners.

The formule for the rectangular shield is available in handbooks. Then:

£‘= (éi) arctan

1

and the length, l,, is approximately 156 cm or 5.2 ft.
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The Qscillator

The nature of the cyclotron lead imposes severe operablon conditlons
upon the oscillator, Of the two oscillator systems commonly in use, the
self-exclted oscillator and the master-oscillator-power-amplifier type, the
former was selected. Both have certain advantages and the choice is one of
simplicity versus complexity of equipment and circults. Experience has showg
that the grounded-grid type of oscillator is well adapted for cyclotron work.
Its circuit is extremely simp;e, apparently free of undesi;able parasitic
oscillations, and does not require neutralizing capacitors. In spitelof 1ts
load dependence, 1t performs stably with proper design and adjustment.

The characteristics of the o¢scilllator must be of such magnitude as to
permit the desired push~-pull mode of oscillation Tor waxinmum dee;to-dee volt~
age wi;h best efficiency and stability. The conditions for oscillation are:

l. Voltage from cathode to ground and plate to ground mmst be in phase.

2. The feed-back voltage must be of sufficient magnitude to provide the

required energy for maintaining oscillation at the desired dee fre-
queEncy.

3+ The overall system phase shift, from plate through coupling lines
to cathode, must be close to 360 degrees.

A schematic diagram of the oscillator coupled with the resonant dee system
is shown in Figure 39. Characteristice of the Federal 134 oscillator tube used

are tabulated below:

Characteristic Meximum Rating Operation Data
DC plate voltage 20,000 volts 18,000 volts

DC grid voltage -1,000 volts ~2,000 volts

DC plate current 20 amperes 14,5 amperes
DC grid current 2.0 amperes 1.04 amperes
Plate input 400 kilowatts 260 kilowatts
Plate dissipation 150 kilowatts 60 kilowatts
Power output 200 kilowattls
Plate~to~-ground,

ri peak voltage 15,700 volts
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Coupling Lines

Cenditions for the required phase shift in the system are best assured
through the use of half-wave resonant transmission lines for both the plate
and filament {feed back). The general equipwent locstion determines to some
extent the physical length of the lines. The plate llae is directly connected

to one dee stem and the filament line to the other sten through s coupling loon,

The Plate Line. The plate line is a 3 3/4" copper tube enclogea.in.a
shield 12" square. With the approximate physical length deterwmined by egquip~
ment location, thie problem remains to fix the line teruinstion so that the
voltages al each end of the line correspond to plate rf peak voltage, Eg, and
the required load voltage, E,, respectively. The line terminations and volt-

age distribution on the helf-wave resonant line are shown below.

e mmemmmann
L

Tube ,,> Load

End Co 77 <‘> R
|
........ J

< ly >te—r gl

aV]

With resonant conditions, and no losses,,ﬁl~and sz can be obitained frowm:

ki

z, = Zo tan g4

1 ,
ZE = m %o tan 61.2
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The end effect Cy is estimated at 13.3 puf. The resistive load imposed by

the dee system is neglected since the slight detuning effect will be compen~
sated by the varieble part of the terminating capacitor Cy. This capacitor
includes a variable section as well as all other plate-to-ground capacitance
present, the latter being aepproximately 450 puf. The characﬁefistic imped-~
ance, 2o = TO chms, is chosen to give smallest possible losses and to permit

a valge of C; so that the line may be readily tuneavwithin & desired frequency
range. The length Aﬂz is then evaluated at 17.u4k feet, anﬂnzgg is computed

from the relationship of voltage distribution on the line, which can be shown

to be:
2y
Es _ sin Bl _ sin arctem.z_é N
Ep sin 5}2 7 =%
sin arctan +—
Zg

where A is the voltege amplification factor and B = Zn/z. radians per wunit
length., From the twe equations for £ 1 and £ 2 an evaluation of C, is obtained:

ten p Ly
ten B '(ZJ'{

Cy = CZ

The numerical values for the model plate line, so determined for resonant
condition at 13.4 megacycles are tabulated below:

Cy line termination capacitance, tube end 515 puf

C, line termination capacitance, load end 1363 wuf

4, et 18.21° 3.7l feet
QZ at 85.5° 1744 feet
4 at 103.7° 21,15 feet
E; sending voltage 15,700 volts
E, receiving voltage 50,000 volts

Auplification factor 3.19
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The magnitude of receiving end voltage was set at 50,000 volts for
several reasons. By keeping the voltage high, within bushing limitations,
the rf current is kept low; and consequently the power losses and cooling

water requirements are wlnimized.

The Filament Line. A similar approach was used in approximating the

length and terminations of the filament_line.' The line 1s 2 1/2“ copper

tubing, with a shield six inches square, The schematic circuit with voltage
distribution is shown below:

L A
—c,
L _ !
r -:
. T, .
c
+ T s

B«Z1 "‘l“'"”

L, represents the inductance of one filament choke coil, and R the resistance

to the driving current. C, is a coupling capacitance to isolate the rf line
from de potential. The termination between a-b at the tube end of the line
can be represented by an equivalent resistance in series with an egquivalent

capacitance of the following magnitudes: C, = ~ 147 puf and R, = ~ 2.7 ohms.
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For all practical purposes R can be neglected. Then the effective termination
is that of a pure capacitance, and since 1ts value 1s very nearly that of

(Cz + C3) in series, we may assume the voltage E, to be approximately twice

the required driving voltage, E‘r = 3040 volts peak. The error introduced in
computing the length of the line by this simplification is very small, within
design limitations. Agein for resonance condition, with Xeq = Xgq5 values are
obtained for B4 = 90° and BLy= arctan 1 2afCeZg = ~ 48°. The Zo value of

52 ohms 1is chosen for reasons similar to those stated for the plate line. The
required voltage at the coupling loop is given by Eg = Er/sin B,lz = ~ 8200 volts
peak. The coupling loop at the dee stem must be positioned to give this voltage.

The numerical values for the line are tabulated below:

Cy 'phase correcting capacitance variable
Co coupling capacitance 300 uuf
03 filament~to~ground capacitance 300 puf
Cy capacitance of a filament choke by-pass W00 uuf
Cg stray capacitance 50 puf
Ce effective capacitance at tube end W7 put
R resistence to driving current 625 ohms
Ly inductance of coupling loop variable
" Ly inductance of a filament choke 21 ph
Z, characteristic impedance 52 ohums
%y st go0° 18.55 feet
L, at u8° 9.9 feet
L at 138° 28.25 feet
BEg; sending voltage, peak 8200 volts
E',. driving voltage, peak 3020 volts
E. receiving voltage, peak 6080 volts

Amplification factor 0.7k
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The phase relationshlp of the overall system can be checked beat by a
vector diagram. As previously mentioned, this shift must be close to 360°.
For a logs-less line the voltage and current at any point of the line may be
expressed as the vector sum of incident and reflected waves. From the termi~
nation values, length of lines, and standing wave ratios, the vector diagrams
for the two lines are determined. For this particular case the total shift

s0 measured is from one to two degrees within 360°,

Model Tests

A full scale electrical model of the 86-inch cyclotron complete with dees,
liner, trimmers, splders, and transmission lines was constructed of wood
covered with thin copper sheet so as to simulate the electrical characteristics
of the real machine. The model with liner side removed is shown in Figure Lo,
Due to timé limitations no exhaustive tests were made but the major dimensions
of components were verified. Resonance tests on the model indicated that a
frequency of 13.4 mc/sec required a line length of 99 inches from spider to
tﬁe horizontal center line of the dees. A chénge of one inch 1n splder position
is equivalent to a change in frequency of ~ 0.1 mc/sec.

Two modes of oscillation of the system were studied: the desired reso-
nant frequency where the dees are oscillating at 180° out of phase, or in
push-pull operation;andrthe anti-resonant frequency which is the in-phasze or
push-push mode of oscillation. It 1s desirable to have a frequency spread
between these two modes of at least Q.4 mec/sec to wake it difficult for the
mode of oscillation to shift from the resonant to the anti-resonant. It is
also essential for the resonant mode to have the higher Q. When the resonant
frequency was set at 13.4 by adjusting the spider the system would not oscil»»

late in the push-push mode unless the dees were deliberately shorted together.
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FIGURE 40. ELECTRICAL MODEL
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The overall amplification of the plate transmission line and the dee
stem, as measured by means of voltmeter pickup probes, was found to be 15.
Following extensive experimental measurements on the plate line, filament
line, and loop, the dimensions arrived at for the final design were:

Plate Line

Frequency 11.8 to 14.8 mec/sec

Length range 15 £+, 5 in to 21 £t, 6 in
Initial length 1 £t, 1 in (for 13.4 mc/sec)
Outer conductor 12 in sq copper duct

Inner conductor 3 3/h in OD copper pipe
Cooling (water) 9 gpm

Zq TO ohms

Filament Line

Length range 24 ft, 6 in to 32 ft, 6 in
Initial length 28 7t, 3 1/2 in (for 13.4 me/sec)
Outer conductor 6 in sq copper pipe

Inner conductor 2 1/2 in OD copper pipe

Cooling Forced air

Zo‘ 52 ohms

Voltages of approximately 80 kv dee-to-dee could be obtained on the
model before the air breakdown point was reached. The approximate power

required to excite the dees is glven by the relationship:

2
L

A voltage (Ep) of 80 kv was obtained for a power inmput (Pp) of 3.2 kw., Then,
with an oscillator efficiency of 50%, a power input (Pl) of 125 kw would give
a voltage (Ey) of 500 kv. This figure of 125 kw required to excite the dees

to 500 kv compares favorably with the calculated value of 150 kw.
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APPENDIX D: PROTON ENERGY MEASUREMENTS

The energy of the intermal proton beam has heen measured by three
different wmethods: activation of foils, a “"photo-plate™ method, and by calcu-
lations based upon the measured curvature of the outer orbit of the beam.

These methods all give reasonably comparable results,

Foll Activation

Stacks of folls are exposed to the beam in a special target mounting,
Figure 27, so that the depth of activity can be traced for a particular reac-
tion. The best results by this wmethod have been obtained with copper foils.
The reactions used were Cu 63(p,n)Zn 63 and Cu 63(p,2n)Zn 62 having extrapo-
lated activation thresholds of 4.3 and 14.5 Mev respectively. This method
is illustrated in Figure 41. Some work has also been done with carbon foils;
activation was traced as a function of depth for the reaction ¢ 12{p,pn)C 11,
which has an extrapolated threshold of 18.7 Mev. Unfortunately this threshold
was s0 close to the beam energy as 1o make it experimentally difficult to

obtain high accuracy.

The "Photo-Plate™ Method

In the photo-plate method the beam is allowed to impinge upon a photo-
graphic plate after passing through an aluminum absorber. The absorber has
graduated thicknesses which are equal to the proton range for a number of
energles between 15 and 23 Mev., The blackening of the film behind each section
of different thickness depends upon the energy, the thickness of the absorber,
and the intensity of the beam on the absorber. In the range of thicknesses
where all the beam passes through the absorber the film exhlbits different

densities. The degree of blackening depends upon the energy incident on the
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film both because of the variation of specific ionization with energy and
because of the finite thickness of the emulsion. This means that the range
in the emulsion must be taken into account.

In practice the raw data is also corrécted for effects such as varistion
in beam intenslity. To determine the energy, theoretical curves are obtalmed
for various energies until tﬁe best £it" 1s obtained with the eorreqted data.
From the dissimilarity in shapes of the final curves an estimate of the energy

spread is obtained.

Calculation from Beam Curvature

A "burnout" target upon which several widely-spaced lead foils, 0.002%,
are placed across the beam can be used to determine the path of the proton
orbite at the radius of the target. This type of target was used for deter=-
mining the center of beam rotatlon, page 106. The curvature of the burnout
pattern produced by the circulating beam and the known magnetic field inten-
sity may be combined with the ratio e/m for the proton to give a maximum value
of the epergy. The accuracy of the messurements depends upon the uniformity
with which the tops of the foils are fused and thus is difficult to estimate.

It is not as accurate as with the photo-plate or the foil activation methods.

Measured Energy

Energy measurements were made by these three methods at a radius of 30.2%

late in 1951, The energies with estimated accuracles were:

Copper Foll Method 19.2 + 0.3 Mev
Photo-Plate Method 19.0 = 0.5 Mev (width 0.2 Mev)
From Beam Curvature 19.2 Mev

From the radius and e/m of the proton, the calculated energy was 22 Mev. This
discrepancy has been discussed on page 106, Since the readjustment of the ion
source in the spring of 1952 and with a slight increase in rf frequency, the

energy at 30.5" is approximately 23 Mev.
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APPENDIX E: RADIATTON INSTRUMENTS

Several types of radiation detection instruments are used for protecting
operating personnel against excessive radiation and for monitoring cyclotron
operation. Both stationary ac-operated instruments and portable battery-

operated survey meters are used.

Stationary AC-Operated Instruments

Neubron Detection. A neubtron proporiional counter has been desligned and

constructed which consists of a paraffin-encased enriched bofonatriflnoride
counter tube, a one-tube cathode-follower pre-amplifier, and a scaler instru-
ment containing an amplifier and high voltage supply. The instrument is
located at the utility panel and the counter tube 1s Just outslde the main
entrance to the pit. A rate meter gives an immediate indication of the neutron
fiux density and activates an alarm at any predetermined level. When more
accurate determination is necessary the scaler may be used. The instrument is
ad justed to operate in the proportional region of the counter tube at a posi-
tion where only neutrouns are counted, independent of gamma radiation. The
calibration chart is based on data obtained with a polonium-beryllium neutron
source,

A neutron wonitor has been designed and constructed to make a continuous
record of the neutron flux density at the cyclotron. This instruwent consists
of a paraffin-encased boron-lined ionizatlon chamber, pre-amplifier, and a
Brown recording potentiometer. The chember is of aluminum, 3 3/8" in diameter,
10 3/&" long, and surrounded by an aluminum shield. The center electrode is
insulated from the chamber with Fluorothene. A metal box contalining the pre-

amplifier range switch, input resistors, and a 45-volt battery is attached to
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the ionization chamber. The ceramic range switch was specially treated to
make its leakage resistance of the order of 1015 ohms and also to reduce the
effect of humidity om it. It is essentlal that all components in the pre-
amplifier have very little leakage. Special low leakage (Fast) polystyrene
condensers were used. A cathode follower pre-amplifier with a CK 571 AX
electrometer tube is used to feed the signal to the recording potentiometer.
The network and power supply for the pre-amplifier were constructed in a metal
box and placed inside the potentiometer cabinet.

Several changes were made in the Brown recording potentiometer in adapting
it as a part of this neutron monitor. A separate dc amplifier is unnecessary
since the amplifier in the potentlometer is used to amplify the sgall current
developed in the ionization chamber, in addition to its function as a part of
the potentiometer. A zero adjustment was added to correct for any slight drift
during the warm-up period and to compensate for any change in battery voltage
over long periods of time. There are two ranges with the full scale sensitivi-
ties of 300 and 3000 neutrons/cmzusecond. The chambers are also sensitive to
goanma radiation so it is necessary to compensate for the gamma radiation in
determining the neutron flux density. A cam and microswitch arrangement have
been added to the potentiometer so that an alarm may be made to operate at any
position on the scale.

Two of these instruments have been constructed and installed. C(Cme of the
ionization chambers is located outside the shielding wall of the cyclotron with
its assoclated instrument on a rack at the utilitles panel. %he other chamber
is in the cyclotron pit with its assoclated instrument at the remote control
station. This instrument has been used to belp monitor the cyclotron beam. As
improved performance of the cyclotron has increased the amount of radiation; it

has been necessary to change the sensitivity of this instrument several times.
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The speed of response of these instruments is 2 1/2 seconds from zero to full
scale deflection.

A long counber neutron detectcr*‘having approximately uniform sensitivity
from a few kev to a few Mev neutron epergy has been copstructed and installed
at the cyclotron. The long, enriched, boron-trifluoride proportional chamber
is surrounded by a paraffin cylinder 10 1/2” long and 8" in diameter. This
cylinder is shielded except om one end, by a boron shield and another paraffin
cylinder so as to make it directional and less sensitive to neutrons which bave
been scattered about the building. The counter tube with its paraffin cylinder
is suspended approximately four feet off of the floor outside the shield wall
of the cyclotron near the entrénce to the maze. A negative potential, 1800 volts,
is epplied to the outer shell of the counter tube. The center electrode of the
counter tube is comnected to the grid of the l-A-l pre-amplifier and the signal
is further amplified with an A-1 linear amplifier. The pulses are counted with
a 1024 scaler. The tube charactefistics have been obtained and the instrmment

calibrated with a polenium-beryllium source.

Beta and Gemme Detection Instruments. A gamma monitor has been designed
and construncted for continﬁously récording the gamma radiation present outside
the shield walls of the cyclotrom, It is similar to the neutron monitor de-
scribed previously with the paraffin cylinder and the boron-lined chamber being
replaced by an aluminum iomization chamber., An alarm has teen added to this
instrument and wmay be set to operate at any level of gamma radiation. There
- are two ranges on this instrument with the full scale sensitivity of 15 mr/hr

and 150 wr/hr. ‘Very little zerc drift is noted after the instrument has had

* Hanson, A. D., and McKibben, J. J., A Beutron Detector Having Uniform
Sensitivity From 10 kev to 3 Mev, MDDC 972.
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a 15-minute warm-up period. The epeed of response is 2 1/2 geconds from zero
t0 full scale on both ranges.

An OREL Model 1010 gamma Monitronm has been installed at the entrance 1o
tkhe pit to indicaﬁe the levé} of gamma radiation to the persconnel entering
thisz area. This instrument 1s a rate meter with two ranges and a warning
light indicating excessive radiation levels.

A gamma detector using a thin wall GM tube iu & probe is located in the
cyclotron pit. The instrument has been placed in the weakest pert of the mag-
netic field to wminlwmize the effect on the meter. The probe is atibached to
approximately 40 feet of cable so that gamma radiation may be measured in areas
adjacent to the cyclotron where there 1s a strong magnetic field. There are
two ranges on this instrment with a full scale semsitivity of 15 mr/hr and

150 mr/br.

Portable Survey Meters

Keuﬁron Detection. A fission~chamber neutron detector is used\in making
a survey of neutron intensity et variocus locatioms outslde the shield walle.
This ingtrument comsists of an enriched-uwranium~-lined proportional chamber, a
two=tube smplifier with discriminator, and a mlti-vibrator vhich feeds a count
rate meter., There are three ranges on this isstrument with full-rangs responses
from 10 n/cm?usec to 10,000 n/cmzusec. The rate uster has a long tlme constant
which makes 1t pecessary to wait a few wminutes before taking s reading. The
instrument is not sensitlve to beta or gamms radiation. It is callbrated with
a rolaniumvberyllium neutron souwrce.

Beta and Gemms Detection. Three commercially built beta-gamma survey

instruments include the Preclsion Radiation Instruments,.Mbdel ¥o. 101; the

Victoreen Instrument Company, Model 263; and the FHuclesr Instrument and
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Chemical Corporation, Model 2610. These light weight instruments each Qonsists
of a count-rate meter with a thin wall glass GM tube mounted in s probe. A
metal shield on the probe is provided to differentiste between beta and gamma ‘
radiation. Intensities of O to 20 mr/hr may be measured over the three ranges.

A Sylvanie Electric Products, Model RB316 (Cutle Pie) portable survey
meter 1s used to measure the activity of the targets after they have been re-
moved from the cyclotron. It is & beta~gamma discriminating air iomization
rate meter. The chamber, which is 3 inches in diameter and 6 inches long, is
made of a paper base material coated with Aguadag. The center electrode of the
chamber is coupled to a balanced bridge circuit utilizing an electrometer tri-
ode tube as one arm of the bridge. Radlation in the chamber causes this arm
to unbalance the bridge and thus produce a current in the meter. There are
three ranges on this instrument with a respomse up to 5,000 wmr/hr. It may be
set at zero in the presence of radiation.

A CGeneral Flectric long-probe scintillation gamme survey meter has been
obtained to weasure the radiation on varlous targets. With the light welght
6-foot probe, the operator can remain behind protective shields while measur-
ing radiation from the targets. It responds to gamma radiation up to 3,000 R/hr
over five ranges. The instrument comsists of a fluorescent screen, photau
multiplier tube, a relaxation oscillator, high voltege supply, and a count

rate meter. The lustrument may be zeroced in a radiation field.
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APPENDIX F: LIST OF DRAWINGS FOR THE 86-INCH CYCLOTRON

Pit, Building Utilities, Magnet Yoke and Coils

BSK-13613a

CS8K~13818
CSK-13946
Cle~14222
C2e-14228
C2e-14248

D2e=14728
D2e-14752
D2e=~14308
D2e~14892
DSK~13635
DSK-136k42a
DSK~-13690
DSK-13785
DSK~-13867
DSK~13896
DSK-14123
DSK-17296

E2e-12879
B2e-12880
E2e-12881
E2e=120900
E2e~12001
E2e-12923
E2e-13086
E2e-15322
ESK~13T4Ta
ESK-13748b
ESK~13749b
ESK-13932
ESK-13933
ESK-13935
ESK-1394T
ESK-1h12k
ESK-14125
ESK-~14203
ESK~13964

Yoke Tie-Rar

Cyclotron Coil Leads BEnclosure

Operating Floor -~ GR 921.02 Section and Detalls
Megnet Yoke Leminstion Shackles

Pipe Floor Opening, Bldg. 9201-2

Floor Support Columm

Foundation and Anchorage Details, Blidg. 9201-2
Coil and Tenk Bupport Structure, Bldg. 9201-2
Exhaust Floor Openings

Bast Maze Excavation Plan

Yoke Details

Yoke Assembly

0il Systenm

Installation of Coll Braces

Vacuaum Manifold Support Columns

Manifold Support Installation

North Maze -~ Steel Detalls

Osclllator Platform Addition

Shield Walls -~ Foundation Plan, Bldg. 9201-2

Shield Walls - Sect's and Det's 8, H. #1, Bldg. 9201-2
Shield Walls - Sect's and Details S. H. #2

Shield Walls - Sect's and Details S. H. #3, Bldg. 9201-2
Shield Walls - Sect's and Details S. H. #4, Bldg., 9201-2
Roof Detalls

East Maze Supporits, Bldg. 9201-2

Aligmment Dock Doors

Cyclotron Layout View from West End of Pit

Plan View of H-( Cyclotron

Horlzontal Section Through Cyclotron showing mwajor piping
CO, System Piping

Oscillator Platform GR 929-0, Sect's and Det's
Osclllator Cebinet Support Stand

Cyclotron Operating Floor GR 921.02

North Maze Sections

North Maze ~ Plan View

Fire Door Installation

Cooling 0il System (Reference Dvg.)

§
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BSK~13697
BSK-13T795

CSK-13757
CSK-14488

Dhb=12921
DSK=-13896
DSK-13902

ESK=-13698b
ESK-137052
ESK~13T71ka
ESK=~1372%a
ESK=-13800
ESK-13801
ESK-13966
ESK-~13986a
ESK=14772

FSK~13798¢
FSK~13990
FSK=1b141

Cyclotron Liney

CSK-1k032

DSK~13811a
DSK~13812a
DSK-13819
DSK-14055
DSK~13868

ESK-13810b

Transmission Lines:

Cyclotron Manifold, Tapk, Pole Pieces, Tank Extension, and Shims

Pole Piece
Tank Studs

Support Structure
Distances Between Pole Pleces

71k Trap Assembly
Vacuum Manlfold and Support Installation
Tank FExtension End Face Plate

Tank

Contour Shim Plate

Vacuum Header

Vacuum Manifold

Tank Extension Side Face Plate
Tank Extension Top Face Plate
Tank Extension Water Cormections
Coubour Skim Blank

6" Tank Extension

Tank Extension
West Shim Contouwr Flan
East Shim Contour Flan

Liner Water Flange

Liner Water Tublng

Liner Flange Detail

Trimmlug Capacitor Bearing Plate and Side Cover for Liner
Redesign of Liner Water Tubing

Liner Guides and Opening for Target and Source

Liner (See ESK-17078)

Filament Loop Assembly and Spider

CSK-13936
CSK~13961
CSK~13959
C8K-13963
CSK~13976
CSK=139T7
CSK-14231
CSK~14753
CSK=14752
CSK-14778
CSK-14%779

Filament Line Cuter Transmission Line
Filament Line Clamp

Filament Loop Bushing

Loop Detail

Plateline Connecticon

Plateline Terwination

Inner Plateline Connections
Reworked Plateline Comnections
Revised Plateline Clamp

Water Header Hose Fitting Flange
Water Header Hose Fitting Nipple



Transmisslion Liunes:

Dhb=10970
DSK~13861a
DSK~13927
DSK-13928
DSK=13953
DSK-13970
DSK~13965
DSK-13987
DSK=-14707

ESK-13860b
ESK~13951
ESK-13952
ESK-13955
ESK-13956
ESK=13957
ESK~13960

M~2«~M Bushing

Spider Water Tubing

Flateline OQubter Transmission Line
Plateline Cover Box

Tuner Plateline « Connections
Plateline - Assembly

Plateline Collar Clamp

Filament Line

Spider Condenser Ground Plate

Spider

Filament Line Face Plate

Filament Line Cover Box

Plateline Face Plate

Filament Line Comnector

Filament Loop Cepacitor Holder and Clamp
Filament Loop Detalls

Cyclotron Trimmers and Faceplate Assembly

Alb-16698
CSK=1T206
Ckb-11988
Chb=-13124
CSK=1T207
D8b-14575
DSK-13819
DSK=13929

ESK-13860
ESK~1388k4
ESK-13885
ESK-13886

1/2" wilson Seal Body

Philips Gauge Base Plate

Philips Gauge Asseubly

Tank Window Flange and Pumpout Tube
Philips Gauge Shield

M, Tank Window Assembly

Filament Loop Assembly and Spider (Cont.,)
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Trimming Capacitor Bearing Plate and Side Cover for Liner

P, T. G Housing

Stationary Trimming Capacitor
Adjustable Trimming Capacitor
Faceplate

Shaft and Plate

New Source Assgembly

ASK-14323
ASK~1h432L4
ASK=-14325
ASK=14326
ASK-14327
ASK-14328
ASK-14329
ASK-14369
ASK=14370

CSK-143T71
CsK-14372
C8K-14373
CSK~1437h

Vacuum Lock - Door Control Arm

Vacumm Lock = Door = Mech. Bearing Block
Vacuum Lock -~ Wilson Seal Body

Vacuum Lock - Swilvel Joint

Vacuum Lock - Door Mech. Bell Crank
Vacuum Lock Push Red

Vacwum Lock - Door Pivot Pin

Vacuum Lock Door

Vacuum Lock Door Lug

Stanchion Socket

Vacuum Lock Cover

Rework Top Plate
Stanchion for Source Tube



New Source Assembly (Cout.)

Hew Target Dolly

Dee Support Plate Insulated Positionlng Assembly

DSK~17113 Scurce Grounding Contacts

ESK-14330 Vacwun Lock Chamber

ESK=-14375a Source Details

ESK-14376  Vacuwum Lock Seal Details
Cyclotron: Tank Grid System and Dee Bias

CSK~-14780 Dee Bias Insulators

CSK-14816

DSK?lh733

Insulated Dees Standoff Insulator Fittings

and Vacuum Lock

BSK-14967

CSK-149T7
CSK~-14976

DSK-14907a
DSK-14912
DSK-14916a
DSK=1492k
DSK-14926
DSK=-14938
DSK-14954
DSK=149T74

ESK-14867a

CSK-14505a.
CSK~-14T76Tb
C8K=14810
CSK-14053
CSK=1T7097

DSK=-14kli5a
DSK-144k6a
DSK-1hhk7s,
DSK=-14T70ka
DSK-14721b
DSK-147344
DSK-14751b
DSK=14T76a
DSK=14T90

DSK~-1709k

ESK-14448b
EsK-14480

Vacuum Lock #2 Wheele and Screws

Vacwam Lock #2 Conversion Wedge
Vacuum Lock #2 Conversion Tank Support Blocks

Vacuum Lock Face Plate #2

Vacuum Lock #2 Cylinder Base and Support
Vacuumm Tock #2 Small Parts

Vacuum Lock #2 Yoke

Vacuum Alr Cylinder and Toggle

Vacuum Lock #2 Door

Vacuum Lock #2 Target Paceplate Guides
Vacuum Lock #2 Stud Strips

81iding Door Vacuum Lock #2

Dolly Extension Block

Squirt~Tube Assembly

Quick Change Target Index Pin and Spacer
Dolly Jack Extension

Target Water Quick chahge Hose Connection Assembly

Target Dolly Detail

Target Dolly Parts 1 & 2

Target Dolly Jacks

Terget Locking Device Quick Change
Wilson Seal Detalls

Bearing and Pulley Detalls

Shield Tube, Gear, and Seal
Support Plate Details

Target Face Plate Rollers

Target Water Quick Change Hose Connection Detalls

Dolly Base Frane
Target and Dolly
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New Dee Assembly

BSK-14792
BSK-17259

CSK~14595
CSK~14693
CSK-14816
CSK-17104

DSK-1L4461b
DSK-1446T0
DSK~14636a
DSK-1463T0
DSK-14795
DSK~14798
DSK=-14840

ESK~-14k456¢
ESK=-14470b
ESK-14839

PSK~14469¢
FSK~14468c
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Hose Nipple
Dee Carbon Shields Type 2

Dee Water Header

Dee Adjustment Plate

Dee Support Plate Insulated Positioning Assembly
Dee - Tantalum Shields

Dee Water Header

Dee Carbon Shields

Dee Stem Collar

Dee Stém Details

Dee Water Header Flanges (Insulated Assembly)

Dee Water Header Bushing Fittings (Insulated Assembly)
Carbon Shields

Dee Detalls
Dee Stem Assembly
Dee Carbon Shields

Dee Wall Details
Dee Assenbly

New Target Assembly

BSK-14359a
BSK-14360
BSK~-1U4547
BSK-14561a

CSK~14361a
CSK-14362a
CSK-1k572
CSK=-145T3a
CSK=-14754a,
CSK-14755
CSK-147T3
CSK~14861
CSK~14875
CSK-14881
CSK~-14923
CSK~17183
CSK~17184

DSK-14363

DSK-1436k4a
DSK-14365a
DSK~143662

Seal Assembly

Target Pulley

Outer Shield Water Header
Water Header Support

Target Shield Tube

Wilson Seal Detaills

Stationary Target Tube Assembly
Stationary Target

Target Head A5

Head Adaptor A5 Clamping Freme
Head Adsptor A5 Insertion

Beam Scanning Target

Grazing Incidence Target

Quick Change Target High Flow Header
Grazing Target Blank

Target Head Physics Program Plan
Target Base Physics Program Plan

Junetion Box Frame
Wilson Seal Details
Wilson Seal Details
Tube Assembly end Detail



New Target Assembly (Cont.)

DSK-14546
DSK-1454T
DSK-14560a
DSK~-14T02a

DSK=-14T704a

DSK~14756a
DSK-1487T7
DSK-14893
DSK-14895
DSK-14896
DSK-14902
DSK-14956

ESK-14542
ESK~-114884a

Outer Shield Water Header

Outer Shield Water Header

Outer Shield Assembly

Target Support Plate

Qulck Change Target Locking Device
Head Adaptor A5

Grazing Incidence Target Model A
Energy Target

Beam Scanning Target #2

Beam Scanning Target #2

Grazing Target Model B

High Intensity Target Model B

Target General Assembly
High Intensity Target

Magnetic Fleld Scanning Probe

ASK~-13841

BSK~-14148
BSK-14149

CSK=-13742
CSK~13763
CSK-13765
CSK=13767
CSK-13834
CSK-13837
CSK=14147

DSK-13762a
DSK-1376ka
DSK~13T66b
DSK=13767
DSK~-13839
DSK-14129
DSK=14130

ESK~-13T41b
ESK-13821
ESK~14131
ESK-14132

FSK-13769

Field Scanning Probe Adaptor Stud

Shafts
Indexing Cam.

Hub Assembly

Probe Details

Probe Detalls

Probe Detalls

Rework of Hub Stem 1
Dummy Tank Bearing Adaptor
Drive Shaft

Details of Hub Stem I
Details

Details

Details

Drive Support Platform
Shifting Plate

Motor Drive Detalls

General Assembly
Detalls

Drive Support Frame
Drive Support Plates

Drive Assembly
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Electrical Circuits and Oscillator Cabinet

CSK-14187

DSK-13728
DSe-1482k

ES¥-13727
E3K~-13725

Miscellaneous

ESK-14396

CSK-14053
CSK=14054

" C Dug. Hoe

ESKk-14395

DSK-14378
DS¥~-14695
DSK-14696
DSK-14700
DSK-1L706
DSK-14821

CSE-147T71
DSK-14638
DSK=-14765
ESK~17263
ESK-17271
ESK~-1T7272
CSK=17279
DSK-1T7273
DSK-1T7274

E3f-14355
E3f-1L431k

Filament Control Cirecuit

F-134 Tube Connector
Circuit Bresker Panel for M. G. Set-C

Tube Support Detail
Filament Choke Tase and Details

Outline Assembly

G Slit and Support Assembly
Details of G Slit and Support

Magnétic Contowr Lines at the 930 Elevation
Magnetic Contour Iines at ‘the 930 Elevation

Diffusion Pump Cooling Baffles
Refrigerated Raffle for Diffusion Pump
Refrigeratlion System Diffusion Pump Spacer
Refrigeration System Tank Baffle
Schenatic Dlagram Refrigeration System
Defrost Tray

Radiation Window
Target Hook
Ball Joint

Wall Sccket
Window Tank
Window Flange
Window

Pit Section

Pit Plan Section

Air Flow Filter
Kinney Pump Exunaust
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