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ABSTRACT

The design, construction, and development of the 86-inch
fixed.-frequency proton cyclotron are a,escribed. unusual fea
tures of the machine are the vertical suspension of the dees in
a horizontal magnetic field, the high proton. beam energy obtained
by the use of high rf potential on the dees 1 and an internal pro
ton beam current exceeding one milliampere at 23 Mev. Major
p:roblems encoun.tered were the control of-ion loading" in the
resonant system, obtaini:ag maxilJ1Ull1 energy, and the development of
adequate targets.. Design and construction began in August 1949.
Within two years the proton beam power exceeded 30 kY..
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The need for a cyclotron in the Oak Ridge area was first discussed as

early as 1946. The absence of high energy accelerators at the Oak Ridge

National Laboratory or at nearby Southern universities emphasized the desir-

ability of the Oak Ridge location. The avail~bility of large magnetic and

vacuum components from the Electromagnetic Plant simplified the planning of
. ';

a cyclotron and facilitated its fabrication.

After evaluation of several possible systems, methods Qf' assembly, and

locations it was decided to construct a fixed-frequency cyclotron to produce

25 Mev protons and to install i tin an exts't Lng building in. the Y-12 area.

Formal starting of the project dated from August 8, 1949.

The cyclotron is unique 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 chamber and permits the use of an over-

head crane for transferring the assembled 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 flion loading ll are voided

by the use of insulated negatively-biased dees. Large capacitive coupling

between the rt shorting spider If 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

radioactiVity in the dees is avoided by lining them with thick graphite Plates

and covering the leading edges with graphite.
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Construction of the cyclotron required a.pproximately one year; ground.

was broken for the ma,gnet foot.ings September 21, 1949, and the machine was

ready for test operation the following September. The first proton beam was

observed November il, 1950 j by the end of the year a beam of a few microamperes

had been obtained at 20 Mev; and by September, 1951, currents above one mi1li~

ampere at 20 Mev had been reliably recorded.

Continued cyclotron~evelopmenthas resulted .in marked improvements in

stability of operation and in larger proton curreats , As this re:port goes to

press, J\me 1952, steady performa..nce has been obtained for 1..2 lna. at 23 Mev,

with peak performance at 1.8 me. at 23 Mev..

The cyclo'tron is now being used in ·the investigation of' radiation effects

on materials, f9r production of radioisotopes, and for experiments in basic

physics.. The future program. ca.llsfor increasing the beam current until some

basic limit Is established" developing targets that qan absorb the beam. power,

and further improvingre.liabUity of performance."
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The 86-inch cyclotron was designed to produce a high p:t"oton current t..o

an internal target at an lmusually high energy for the fixed.-trequency type

of machine. An energy corresponding to a 2.&P relativistic increase in mass

is achieved by 'the use of large rf potentials on the dees.. Large ion currents

are obtained from a newly developed ion seurce and are focused by an a.pproprl~

ately shaped magnetic field. An oscillator of high output, a dee system of

large thermal capacity, and largevater-eooledtargets have been designed; to

acc01llllOlia.te proton beam power exceeding 30 kw.. Proton energies up to 25 Mev

and proton beam current.s approaching two milliamperes at rv 23 Mev have been'

obtained.

'fhe four ~t coils mounted in a U-shaped yoke are wound with 3It by

0.42" copper, 174 'turns each, and oi1 coo1ed. The vertical arrangement per

mits the use of an overhead crane far handling the internal assemb1ies,

Figure 1. The vacuum system consists of three OO-ineh oil diffusion pumps,

each equipped. with an 8-inch booster pump, exhaustiJ:Ig to a eommon header and

backed by a l5...hp mechanical. (Kinney) ptmIp. The total pumping speed of the

system is 15,000 liters per second..at 0.03 microns.

The oscillator is of' the grounded-grid, self-axeited type using a

single FederSJ. 134 tube rated at 150 kw plate dissipation. F'acilities 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 potentiaJ. is

a.pplied. 'to "the insulated dees, is U$ed to overcome the "ion loading" difti...

culties usually experienced 'With the self-excited oscillator" very stable

operation is achieved; the oscillator can be sa.f'ely turned on at f'ttll power"
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The dees are permanently attached to the qua.rter~wave dee stems and in

turn attached to a copper-plated stainless-steel framework, Figure 2. This

dee assembly rests upon four stand-off type insulators. A 750 l1J.1f capacitance

ins~rted in the plate transmission line further insulates the dc biased system.

Heavy silver-plated copper clamps Joining the shorting spider to the dee stems

success:f'ully carry very large r:f' currents. The ion source is mounted on a

long stem inserted through a vacuum. lock in the cover of the vacuum chamber.

Tare;ets are inserte.d through a large vacuum lock at the bottom. The liner,

dee assembly, ion source, and target are all supplied with water~cooling cir

cuits.

Cyclotron Installation

A study of the buildings of the Electromagnetic Plant, Y-12, available

for cyclotron use resulted in the selection of Alpha Process BUilding 9201-2.

This building had been in "standby" condition since 1945. There was ample

space 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 building,

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

vacuum puia;pS, de-ionized water supply, and the usual building lighting and

power circuits, water supply, and heating and ventilation equipment.

The cyclotron magnet is located in a pit formed by digging through the

ground floor to bed rock at the west end. of the building. At this location

it was possible to provide a 45 t by 39 t by 40 I space for the cyclotron and

its shielding without disturbing major installations in the building. The

magnet was assembled from four magnet coils moved from a Beta process building



DEE SUPPORT FRAME

TRIMMING CAPACITOR

/ DEE

" PLATE LINE

1- VACUUM GAUGE

.u" WINDOW

-- LINER

, --ION SOURCE

-- VOLTMETER PROBE

- TARGET

Bm:-;IJPdl~ I I TARGET VACUUM LOCK
c= I. J VACUUM

SYSTEM

a

DEE STEM f;j I • I

FILAMENT LOOP

SHORTING SPIDER -IF''1

I! SOURCE VACUUM LOCK

DEE BIAS INSULATOR~;~j1~ INSULATED WATER HEADER

FIGURE 2. CROSS SECTION OF CYCLOTRON
....
!'V



~ 13
PLANT NORTH

~

---_..._-------

(~)

•I
l®

I
1
x------x'._---x"- XI

i
~ L..

I
i

ALPHA MAGNET

rn rnrnrnm,-------------,
lll l.,. 1

®
rn rnrn [][] f ... - - - -- - - - - --i

L __ • _

I ROOF OF CYCLOTRON PIT

2 PC1tER SUPPLIES
3 ELECTRONICS SHOP

4 DECONTAMINATION AREA

5 CREW OFFICES

6
7
e
9
10

BUILDING 9201 -2 I MAIN FLOOR

SWITCHBOARD ROOM

MAIN CONTROL ROOM
MECHANICAL SERVICE AREA

ENTRANCE TO RESTRICTED AREA

OFFICES, ONE FLIGHT UP

7 UNIT SUB-STATIOiII
e ENTRANCE TO RESTRICTED AREA
9 MAIN TRANSFORMER
10 RAILROAO SPUR
" CHEMISTRY LABORATORY
12 COUNTING ROOM

BUILDING 9201-2. GROUND FLOOR

FIGURE 3 _ BUILDING PLAN

I CYCLOTRON PIT
2 MOTOR-GENERATOR
3 REFRIGERATION UNIT
4 UTILITIES PANEL
5 KINNEY PUMPS
6 TARGET HANDLING AREA

1I11lllllllllllllt®

_.._ _-_..__._-----

O
~

I \, .
\ I

~ :/

[IT]
~~

-------r
1

,-----~ '@

\ i
i
i
;'

CD

t":
x

I
x

1
1
1
Ix
I
x

I
><

Ixlix_.L-..!------l.-=--.:::.====..1.---I...L--l



14

and. a 250 ton lhshape'd yoke" The cyclot;ron pit is suzzounded m.th concrete

shield.ing vsJ.ls and roof five feet thick.., Roof blocks can be removed to per=

mit movi.7Jg ·the '9'ertically suspended dees , 'Normal access to the pit is through

en entrrance maze on the east;; thG' emergency exit is a.t the north"

A magnet motol"=genJerato;r adjacent to the cyclotron area" complete with

startlug and regu~a.t:ing equipment i "las readily adapted for use" The neceaaary

vacuumi water; dry a1r,9 oil pumps p and i::0o11ng tower :fac:n.:!.t1es were react!vatec

and IDJ.x'lif:ted as needed., Inst,rtttllBD.ta for lnO".c:it,oring tb.€se u:t.iliU.es ar-e mounted

on a central panel adjacent to the cyclotron pit at the g~ot4~d floor level"

The top of the sh:teld.J:ng sur~ou.u.d:i..n.g the cyclot!"OJ:l extends 't;r.trough the

ma:in floor lev<:;]." T",,;TO bridge=t;ypep overhead. cranee , each havip.g a. 20 and a

5··to:n hoist j are available for to-oving sbieldi:ng blocks and. other heavy equf.p

maxl'to Tn the central part 'of the bu:tld:t.ng a. servic!:<.1g a:ree. end. slJ'l..all machine

shop 1,8 providect .for the ast'lel.tl.blin.g a:o.u l"epa1.:rtng of cyclotX'cJu p81:t3> Special

pH~.t.forms and alig:mnent jigs have been installed there for handl:tng the cyel.o

tx'on dees and. Lf.ner, The overhead cranes have access to th:i.s ar-ea as well as

to an opentng for railroao. eat's at the east end of ·the building" '1:'wenty Alpha

power st.\pp,lies Luthe southwest cal.utron control. room have been paralleled to

prOVide de power to the cyclotl'on oscillator 0 An electronics shop has a'Lso

been cstabli.shed. in 'thls area.,

The wain contx'ol room Ls in the soubh centa-al, pal't of t.he buiJ.dingy

adjacent to 'the: power Bwltchboardj there is also a eont.ro'l, station Ln the pit

for testing ]:nlr.poses" Cyclotron oren]' o:ffices are ad,jacent to the control room"

Admin18trati,'Fe and engineering offices ar-e at the northeast corner of the

bUi1.ding,v one flight; up from ·the ''l1ai.n f'Loor-, A chemist:ry J_aboratory for

handl:tng target m,a:t;e:rials aucl a co,mting laboratory are in this aame corner

of the building» at ground. floor level"
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The west half of the bUilding has been d.esignated. as a hazard area.

Safety fences across both floors and outside around tihe west end of the

building prevent unauthorized access to the cyclotron.

Design, fabrication, and installation of the cyclotron was accomplished

by local personnel. Only the vacuum tank was fabricated by an outside con-

tractor.

Specifications

The specifi.cations of the Oak Ridge cyclotron were determined by the

objective which was to obtain large proton currents at an energy above 20 Mev.

It was believed desirable to operate at as low a frequency as possible because

of the larger amount of engineering information available for oscillators in

the region below 15 megacycles/sec.

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

system using the available electromagnetic coils resulted in the following

specifications:

Diameter of pole piece
Maximum proton energy
Expected proton current
Dee-to-dee potential
Orbit radius at maximum energy
Magnetic field (resonance)
Resonant frequency

86 inches
25 Mev
lma

300 ltv to 500 kv
33 inches

8790 oersteds
13.4 mc/sec

Further stud.y and model testing led to the selection of additiona!

specifications:

Minimum magnet gap after shimming
Radial decrease in field
Maximum azimuthal variation
R~ius of dees
Thickness of dee.~

Gap between dees
Dee-to-liner clearance

(on flat surfaces)
Distance from peripheral surface

of dees to liner

17.5 inches
2 ~ in 33 inches

0 ..2 percent
35 inches

8 inches
4 inches

4 inches

7 inches
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Preliminary calculations on the design of the rf system provided the

characteristics below:

Dee stems (balanced shielded line, 1/4 wave)
Effective dee capacitance
Q of resonant system, unloaded
Q of resonant system, loaded
Maximum RMS current at shorting spider
Plate line (resonant 1/2 wave)
Filament line (resonant 1/2 wave)
Resonant voltage amplification

5.2 feet
176 J.1J.lf

12,300
3,700
5,600 amps
21.1 feet
28.3 feet

16

cost analysis is given in Appendix A. Bo costs were entered for equipment

already available in Y-12, such as magnet coils and power supplies. The

major costs incurred were for erection of the concrete shielding and of the

magnet.
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FIXED FREQUENCY CYCLorRON THEORY

In the late 1930I s the basic theory of the fixed frequency cyclotron

was established in the papers of M" E. Rosel and R. R. Wilson. 2 In the next

decade the theory of synchrotrons showed tha.t the effects of phase grouping3

at the center of the cyclotron had been overlooked and that this had led to

erroneous conclusions on ion motion in the cyclotron. Recent work at ORNL

has incorporated this phenomenon and has made use of terms of higher order.

The subsequent paragraphs constitute a summary of a portion of the more

recent treatment.4

Threshold Voltage" Due to the large distance an ion'must travel in a

cyclotron as it spirals out from the ion source only a sm.all fraction of the

starting ions would ever reach full radtus were it not for certain focusing

effects.. In the course of the early part of the spiral motion f'rom the source,

components of electric field tend to shift ions in the direction perpendicular

to the plane of the orbit. Two types of electric effects ~~t be distinguished:

(a) energy-change !ocusing due to the fact that ions spend less time in the

defocusing region (Where the lines of force curve away from the median plane)

of the dee gap than in the focusing region, and (b) field-varia.tion defocusing

which is associated with the fact that the electric field changes during the

transit of the gap. Ions in positive phase (those crossing the middle of the

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

1. Rose, M. E., Phys Rev~, 392 {193ay:--
2. Wilson, R.. R., Rhl~ Rev iJ" 410 (1938) ..
3. Bohm, D., and Foldy,k,~~ 1b 649 (1949) .
4. Cohen, B.. L., Fixed Frequencl Cyclotron Theorl, Y-757, April 4, 1951

(Also AECD-3301}"
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are focused,; those in negative phase are det'ocused , A detailed analysis of

phase grouping and other phase shifting mechanf.sms ind.ica.tes that the ion

phase is unfortunately predominantly negative. Since field~variationdefocus

ing dominates the energy-change focusing, some 90C/0 of the initial supply of

ions are lost to the dee su:rfaces. The loss may be reduced by increasing the

dee voltage, thus reducing the number of turns an ion makes and keeping 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 additional effect, however, of con-

tinually making the ion phase more positive. If the shift is too great, ions

eventually arrive at the' dee gap when the potential difference is low or even

reversed and their acceleration in the cyclotron is stopped. The relativistic

increase in mass as the ions gain velocity also tends to shift the phase in

the positive sense. Again, the ltgg~tt.h~.d¢..e.,.YQ.;I.,.t,~.e"...:tp'e ·s~~le.r.J..s ...the
." .., .

total shift in phase. The cyclotron adJustmen1:;s such as frequency setting,

the magnetic field intensity, and field shape thlm must involve compromises

to keep the ions within necessary boundaries in space and in phase.

It is possible to Cl3J.culate the various effects quantitatively and to

"

predict the minimum dee~to-dee voltage required, to obtain a given energy in

a particular cyclotron. The minimum dee potential required for the 86"inch

cyclotron to accelerate protons to va.r:i.ous energies is given in Figure 40
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PERFORMANCE

During the last six months of 1951, over 300 bombardments totaling more

than 1,000,,000 microampere-hours were made for the follO\dng divisi.ons of the

Laboratory: Aircraft Nuclear Propulsion, Biology, Chemistry, Health Physics,

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 at different times at calorimetered beam currents approaching two milli-

amperes" and at measured energies up to 25 Mev" and for continuous runs

exceeding 100 hours, the performance of the machine is best demonstrated by

describing the actual operating conditions for three types of runs •. These

runs are selected to demonstrate the ~~~.~.~~~.~>..~pe.:r..a.:~;Sln" iso~op:~g:?~':l:.:~~?.~!

and high beam power obtaina.:~;t,~.~ An analysis is then made of power distribu-

tion and cyclotron efficiency.

Sustained Qperation

The cyclotron has been operated. for long continuous periods with the beam

on the target, "innage, it a high percentage of time.. Innage is defined as the

"percentage of availahle time in which a desired value of beam. current is actu-

ally on the target. Innage d.uring long runs has in some cases exceeded. 97% ..

During the last five months of 1951, while the machine was being operated

168 hours per week, the overall in.nage averaged 6ct%.. Much of the lost time,

or "outage, D has resulted from. leaks in the vacuum ~'ystem" electrical diffi-

culties, mechanical problems" and interruptions for minor improvements, in

tha.t order. Routine opera.tion outage is required for changing ion sources,

changing targets" inspection of' targets:l refilling vapor traps" and in!tial

operation adjustments following an int,erruption. A rem.ote control mechanism
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has recently been installed which permits refilling vapor traps without

interruption and without exposure of personnel. Total {)utsge for changing

an ion source averages about two 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 a con-

tinuous basis the only essential outage would be for two ion source filament

changes per week.

A recent cyclotron run illustrates the performances characteristics for

sustained operation. For 58.6 hours the beam current averaged 620 fJ.a and the

target beam power 14.2 kw. Operating conditions for this run (A) are sum-

marized in Table 1. The steadiness of the beam during a run of this tyPe is

evident in the 8-hour segment of the chart from the beam recording meter,

Figure 6.

fsotope Pr?duction

The conditions for isotope production runs vary greatly since the desired

proton energy, beam current, and duration are determined by the nature of the

target and the objective of the experiment. A recent gallium 6Ipr.Qduction
, ' -,- -_ -,~ - -'.-..•....-.- -.',.,".'..-.-.,., , ..-

run illustrates this type of operation. A zinc target was bombardedw;tth a

250 fJ.a beam of protons at 23 Mev for two hours to yield 500 me of gallium 6'7;

the specific yield was 1000 mc/mah. With a zinc target it is necessClI"Y~()

reduce the beam power to avoid 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 ,I: SUMMARIES OF CYCLorROlf Rt1.IS ILL~'rrNG:

A.. Sustained Operation
B. Isotope Production
C~ Beam Power Test

22

Innage" actual hours

Radius" inches

Proton. Energy, Mev

Proton Beam
Average metered current, J.18.
Integrated; IJa=hra
Metered power, kw
Calorime'tered power, kw

Target
Cooling water; gpm
Cooling water, tJ:f 1:0. "c
Power dissipation, kw

Ion source
gO potentifll, volts
Arc currentJ amps
Filament current, a~8

Vacuum, lO~ 5 mm of Hg

Magnet
Currents anll'S
Field at center, oersteds
coil temperature, of

Dees
Dee-to~dee potential, ~r

Dee bias potential, kv
Bias drain, less background, ma

Oscillator
Fr'equency.9 ];rle/s
Plate potential, de, kv
Plate currentJ amps
Power input" kw

Gross Power Efficiency, ~

(Beam ,~wer I ~_._ x 100)
Osc , de Input:J kw

* Ca10rimetered

A

58.6

620
36,360
14,,26
14 .. 2

28
1,,9·
1.4 .. 2

1

1540
9067
160

410
1
7,,5

13,,53
18.4
13,,0
239

B

2

250
500
51'75
5 ..7

130
1..2
400

1550
9084
161

395
1-
705

13~55

17,,0
1300
221

2.6

c

.r-23

1813*

2606
509
4107

1540
9067
160

433
1
15

13.. 53
19~2

17,,3
333
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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 Be~ Power Tests

Test runs are made from time to time for the purpose of determining 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 j.l.a of 23 Mev protons o:n a 6" by 10"

water-coaled aluminum target of the grazing-incidence type. The beam current

was increased in successive steps of about 500 j.l.a 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 enough to record the various 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 milliamperes but operation at this level was very

unsteady due to sparking; fuxther increases were not attempted. The highest

level at which operation was stabilized long enough to permit calorimetric

determinations gave a beam power of 41.7 lew; at rv 23 Mev this corresponds to

an a.verage beam current of. 1.8 mao Operation characteristics for this high

performance test (C) are summarized in Table I ..

Cyclotron Efficiencl

Tests of cyclotron operation efficiency 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~~ In an analysts of power efficiency it is

helpful to know the rf' power requirements for exeiting the dees , The

relationship is:

where f = the frequency of the dee system
c ~ the effective capacitance of the dee system
E "" peak dee~to~dee potential
Q "" the rat:!.o of stored power to dissipated. power in a half cycle"

When the rf system 'Was desig..'I).ed, both Q and .£ ve:r-e cal.cul.ebed and the

power requirements ascer-tatned, }l'igure 50 This curve indicates that 96 kIN

of rf power is required. for excl ting the dees to 400 kv 0 In 8.11 eJ>.':perimental

test of this point on the curve, a steady run was 1nteTrupted, the tank was

exposed to atmospherlc pressure, the dee voltmeters calibrated at 18 kv

dee-to-grou,"J.d with a direct..reaqing rf voltmeter, the ta.nk was a.gain evacu-

atied , and when operation "lias resumed the de power input 1Aias measured for

400 kv dee--to-dee , T'ne oscillator input was 162 kw., The oscillator effi

ciency, including plate line losses; has been measured at 6o'fo~ At this

efficiency, approximately 97 kw of power was required to excite the deeso

In a series of such measurements, good agreem.ent was f'oun.d between caf.cul.abed

and experimentally measured points; as shown in Figure 5, page 19-

Eff~ciency l'1,e.~ure~nts" From actual power measurements and known dee

excdtation requirements it is poss1'ble to calculate the ion load.1ng and the

efficiency of the cyclotron under various conditions, Table II. The de power

input to t,he osctllator, beam power, and the net ion current to the dees are

readily measured" Dee excitation power requirements are obtained from Figure 5,

as above" With the 8J:'C off, the total output of' the oscillator is used to

exeite the dees to some desired rf' voltage e When the arc Ls on, the oscillator



Conditions

Beam Current, ua 0 500 0 0 800 0 0 1000 0
Dee-to-Dee, kv 365 365 365 380 380 380 400 400 400
Ion Source Arc O:ff On On O:ff On On Off On On

Magnetic Resonance - On orf .. On otf .. On Off

Measured
Oscillator de Input, kw 133 196 143 143 217 152 160 247 173
Beam-on-Target Power, bol 0 11.5 0 0 18.4 0 0 23.0 0
Dee Ion Loading, ma 0 11 11 0 10 10 0 12 12

Calculated

Oscillator Output, including plate
line losses, at 6cfIp eff., kw 80 118 86 86 130 91 96 148 104

Dee rf Excitation, kw 80 80 80 86 86 86 96 96 96
Ion Loading Losses, kw 0 26.5 6.0 0 25 ..6 5.0 0 29.0 8.0
Average Energy of Ion Load" Mev 0 2.41 0.54 0 2.56 0.50 0 2.41 0.61
Gross Power Efficiency, %

(Beam Power, kw x 100) .. 5.86 .. .. 8.47 .. ~ 9.31 ..
osc , de Input, kw

Net Power Efficiency, 'fa
(~ea.m Power, kw _ x 100) .. 30.2 .. - 41.8 .. .. 44.2 -Beam + ,Ion Load, kw

TABLE II: POWER DISTRIBUTION AND CYCLOTRON EFFICIENCY,? at ""'23 Mev

N
0\
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output also includes the beam power, which is measured calorimetrically, and

the power loss due to ion loading of the dees , Since the net dee ion Leadf.ng

current 1s already know, the average energy of the ion load is readily cal-

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

ions becoming defocused and striking the dees "The ion transport efficiency,

which depends upon both focusing and phasing, tends to improve at higher dee

potent"ials. Apparently fairly large ion currents are circulating in the dees

at the lowe]," energies" This indicates that with improved ion f'ocusing, much

larger currents could be obtained on the target.

The gross power efficiency is defined here as the ratio of beam. power to

dc power input to the oscillator. Net power efficiency is the ratio of beam

power to total power transmitted 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 test,

(e) of Table I, the greater efficiency at 41.7 kw beam is consistent with the

expected trend.
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COMPONENTS OF' THE CYCL<J.rRON

.'

After the principal requirements for the cyclotron were established, it

was possible to proceed with the design and fabrication of various components.

Fabrication of the components was scheduled to perm!t orderly assembly of the

machine; while the magnet was being assembled vacuum. 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 assembly, power supplies, and utilities were being prepared. There were

some modifications of designs as construction progressed and later, during the

testing period, many additional changes proved desirable. In the following

section the components are described in some detail 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:

Magnet
Vacuum System
Radio Frequency System
Ion Source
Targets
Control Equipment
Shielding
Utilities



THE MAGNET

The availability of electromagnetic equipment in Y-l2 contributed much

to the speed and economy with which the cyclotron magnet was completed.. It

was found that the available coils could be used more conveniently in a mag-

net arranged with the planes of the pole faces vertical. Elimina.tion of the·

conventional yoke across the top for reasons of access leaves only the lower
, "

yoke to complete the pa.th for the magnetic field* The magnet yoke was assea-

_bled. from. two-inch steel plates. Four copper-wound magnet coils were trans-

ferred from. a Beta magnet~ The motor-generator set and oil-cooling facilities

were already in place. The magnet was first energized on March 3, 1950, less

than six months after excavation for the fOlUldation was begun.

Yoke and Pole Cross Sections

In most magnets the cores, poles, and yoke usually ha.ve the same cross

section. In contrast, the area of each 86-inch circular pole piece is 5770

square inches; the area of the roughly rectangular core of a Beta coil is
4<~.

4500 square 1nchesj ana the yoke cross section is 3070 square inches. Larger

coil currents and. lower magnetic field requirements of this cyclotron permit

the use of unconventional. oversized poles and a smaller than normaJ. yoke.

Model magnet tests indicated that with 86-inch pole pieces, 10 inches thick

and with vacuum tank walls four inches thick, a satisfactory magnetic field

would be obta.ined. Model tests also indicated that only a very small gain in

magnetic :field would result if the yoke area were increased :from 6810 to 100%

of the coil core area.
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The M<;=gnet Yoke

The steel yoke of the magnet 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 7 • It is set on reinforced 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 relatively smooth surface upon '-Thich the

yoke was assembled. The yoke is composed of hot-rolled steel plates, SAE 1010.

Plates two inches thick were selected after consideration was given to factors

such as flatness and uniform!ty of commercial plates. These plates were thin

enough to be drawn into a rigid and magnetically satisfactory structure. The

plates are four feet wi~e and o~ 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 for the cyclotron were obtained from Beta Magnet VI, Building

9204-3, Figure 8. The coils were replaced by an inexpensive structure with

eqUivalent coil dimensions thereby permitting reassembly and operation of the

other sections of the Beta magnet. The f'ou:r standard Beta type magnet coils
. 6

are capable of being energized in excess of 10 a.tllpere-turns. Each eoi1 has

174 turns of 3" by 0.4201f copper coaductor , With laminated steel core and

steel case, each coil weighs apprOXimately 35 tons. The coils are energized

by cur~ents up to 1700 amperes, or 62!fo more than f'or normal Beta magnet oper-

ation. The power per coil is 75 lew during normal cyclotron operation; in the

Beta. magnet they were operated at 35 kitl Q



r-X T .".. 31

C-......

- ._...-

111===~:g===
'.JJ

1/._.. v
/

@f'Cf£C"~NC:-:--:IN-':::G-'l1

IIOlix 86
11

[lA. PQ.£ PI.~

A,., " ~A An.A Anli

/ -" ~~~ . \Ii' -~,
,'::.J ...:.=~It==·==!··-I~ ~ ~:- >--=~

" 0::::::::::::..= l==:::.c::.=

Q ,[

::::=J
:0. .~..~ .. CJ

_·u
""-I

'-- c o
1 n Q Q

'..

CJ 0

v

o

o

o

o

o

o

ICal SUPPORT STRJCTUREI

FIGURE 7. 86 INCH MAGNET, SKETCH



32

FIGURE 8. TRANSFERRING BETA COIL

FIGURE 9. MACHINING CONTOUR SHIMS
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The magnet coils are supported entirely by the trame 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, Figur.e 7.

Cooling for the magnet c6ils was obtained by connecting to the magnet

cooling system already in the building. The windings are cooled by passing

more than 200 gpm of transformer oil, Transil Type C, through each coil.

Automatic control of inlet oil pressure and thOPough fil~ering of the oil is

provided. Automatic alarms were installed to give warning in the event of

loss of oil flow. The coils are equipped ,with flow meters, inlet and outlet

pressure gauges, and voltmeters across each winding. The latter, at a known

coil current, give an indication of coil tem,perature. A Brown recorder is

also used to measure and record the tem,perature of the wind,ings. An alarm

warns the operator when the coil tem,perature 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:

Average
Temrerature

.:£J

89 79
97 87

105 95
130 (maximum allowable)

Expected
Life
(year~1

8 to 40
4 to 20
2 to 10

short period

The coils can be operated for short periods at higher rates since one to

three hours are required for the temperature to reach equilibrium.



Fire Protection

An automatically operated C02 system prot,ects the cyclotron against fire.

Detector heads near the magnet activate the system if they are subjected to a

temperature rise o·r" 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 activated,

alarms sound inside the cyclotron pit and in various parts of the building,

including the control room. After a 40-second time d.elay, to allow personnel

to get beyond the shielding wall, twenty-six 50-pound cylinders of C02 dis

charge into the cyclotron pit.

Pole Pieces

unconventional oversized pole pieces are used to correct for the rectan

gular shape of the coil cores. These discs are SAE 1010 steel, 10 inches thick

and 86 inches in diameter. In effect, additional pole piece thickness is pro

vided by the 4" steel walls of the vacuum tank, and the 2" magnetic shims giving

sixteen inches of steel between the dees and the coil cores.

The 10" steel discs are supported upon 3t1 steel pins anchored in the magnet

cores. Each steel pin extends into the center of the disc approximately five

inches; the disc is free to move on the pin. During assembly the pole pieces

were moved back when the vacuum tank was inserted to provide maximum clear

ance. After the tank was in position upon its supports, wedges were inserted

between the pole pieces and coil cores forcing the pole pieces to fit tightly

against t1;le tank. wall.. In this way the very large forces produced by .bhe mag

netic field are distributed uniformly on the tank.
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~eam control Coi,ls

By means of auxiliary coils wound on the pole pieces 1.t is possible to

control the position of the beam with respect to,the median plane of the tank.

The coils consist of 65 turns of :f!6w1re wound on each lOti pole piece. A dc

power supply provides up to 75 amperes" The direction and magnitude of the

current is controlled to produce the desired. effect on the proton beam.

Magnetic Shims

The magnetic shims are designed. to fUrther correct for aziwathal vari

ations in the magnetic field due to the unusual shape of the magnet coil cores

and to provide a f'oeusf.ng component that will keep the proton. beam near the

median plane. The shims were machined from 2 1/4 t1 steel plate on a vertical

boring mill, Figure 9. These shims reduce azimuthal, variations to less than

0.2%. The radial decrease in field strength is at a rate of one 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 nearly uniform to 31 inches 1 and decreases

about 0.1% in the next two Lnches , At 33 inches the field is about l..75~ less

than a,t th~ cenber-, The magnit.ization curve taken at the:: center of the tan..1{

wi th the contour shims in place is also shown in Fi.gure 10. Methods of mag..

netic field measurement are described in Appendix B.

Magnet supply

The cyclotron magnet supply consists of a 3¢, 13.8 kv, 360 EPM, 8400 hI>

synchronous motor driving a 4286 ampere, 700 volt, 3000 kw generator.. The

motor had previously been used to drive two generators for energizing an Alpha

magnet in the building.. The brushes, field excitation, and other connections

of the second generator have been removed. The cycl.otron magnet is connected

to the generator thr'ough three 1,000,000 eM Lead-ecovez-ed cables in parallel in a



10

0
~-
0
...J
LLJ
u::
0 5-t-....,
Z
~

«
:2:

~IOO
co
u,
o
~..
o
...J
LIJ-u,

o 99
t-
LLJ
Z
C)

«
:E

500 1000
COIL CURRENT ( amp)

MAGNETIZATION CURVE

1500

36

o 5 10 15 20
RADIUS (in)

25 35

FIGURE 10. MAGNET CHARACTERIS TICS



37

4 1/2" sealed condm.t , The generator is operated. at about 300 kw, supplying

1500 amperes at 200 volts to the cyclotron magnet~

The existing current regulator was revised to operate over the new eurz-enf

and voltage range required for the cyclotron magnet , A lim.ited current, control

of 100 amperes has been provided at the tWQ control desks; decade controls on

each console permit one and ten-ampere adjustments :i.n magnE.:t ctl.rrent.. These

current controls are used to adjust the magnet curr-ent , and Ln turn the mag

netic f'ield tn the ga.-p, for optimum operating condf, tious.. One-ampere steps for

an operating current of 1500 amperes cause very smal.L changes in magnetic field

due to saturation in the coil cores.



The use of a t8J}.k extension attached to the to:p of the vertical vacuum

tank makes it possible to inclose the complete resonant dee system in the

vacuum chamber ~ The tw.k is evacuaned through a manifold leei.l,t:ng to three

sets of diffusion PUID:.!?s, which are in t'Ul:'ll backed by mecha."'1.ical PUl1lJ?S,

Figure Ll., These latter pumps are located m:d;side of the oyclotron pit some

distance from the magne"l;. The 8:.o::-ra:ngement of the vacuumpuID.ping system

resu1.ted in part from the adaptation of exist;ing f;:qv,ipment rather than from

considerations of optiml~ ellglneering design~ The very high pumping speed

achf.eved has contributed substantially to the 'versatility and 'the high level

performance of the cyclotron.

The'Vacuum Chamber

The vacuum chamber, consistir!g of the tank, ,tank extension, adaptor; and

vacuum manifold, has a total volume of approxima.tely 450 cubic feet. It is

positioned, vertica.lly between the tl-TO lO~u pole pteces of the magnet.. The tallk

is non-magnetic st~el~ type 304, except for two circular discs of mild steel,

SAE 1010, 4n thick -\Ii7el.ded :I.:oto t.b.e tank walls iD1.ledis:Gely opposI te Lhe pole

pieces l F1@~e 12. The t&~ is desi~~ed to withstand the forces of the mag

netic field as w'ell as atmospheril:: pressure. The top of the vaeuum tank is so

shaped. tha.t the desired clearances for t;he dees is obtaiJ1t_~d~ This requ.ired

the forming of 2 ..5'$ stainless steei :plates for framing the aperture" The over

all height of the t:~ is l14u ; the outside width at the pole pieces is 30";

and the inside width is 22~~ o The 'total weight of the tank, is 10" 5 tons. The

inside surfaces ad.ja.eent to the pole pieces are parallel wit-MIl O.030n and as

flat as good machiniJ.."lg praetices permito They are prOVide,} with a number of
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tapped. holes for the attachment of magnetic shims e The tank was designed at

Y-12 and fabricated by Lukenweld Incorporated, coateSVille, Pennsylvania o

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 adaptor 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 resuJ.:ting metal

to-metal contact between tank and faceplates assures proper alignment and

the vacuum seal has proved very satisfactory0

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 005" stainless steel with suitable reinforce

ments. The combined volume of the tank and extension is 280 cubic feet. The

liner and dee assembly are inserted through a 101It by 51.5°V aperture at the

top. Brackets welded to 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 insulators 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 Ptmwip.g slst€nl

The vacuum tank is attached. to a vacmnn ID.anifol.d and thence to the pumping

system. through an adapter s Figure 13.. /UJ. opening 1.13 prov1.ded through the top

of the adapter for the insertion of a refrigerated unit to trap moistu.re and to

prevent diff'usion pum;p oil i'rom reaching the cyelotron d.ees 0 :l.1f!e vacuum mani

fold. contains three 20-inch disc valves remotely controlled from the utilities

con.trol panef., TJ:'I..l"ee Westinghouse oil dif'fusion pumps are attached to the

bottom of the vacuum manifold" T'.o.e diffusion pump arrangement cons i.etis of a

primary and a booster pum.p in series" The 'barrel of the primary pum)? is 20"

in diameter, flaring near the top to allow higher condnetence past; the pump-head

baffle" The booster pump is 8;1 in diam.ete:r and discharges throug:b. a 4" pipe.

Irhe overall height of the unit Is approximately 62 Lnchee , The origin.al

Westinghouse jet assemblies have been replaeed. with DPI ~~~7000 jet assemblies

which have increased the pumping speed. approximately 25~¢ To prevent oil vapor

from. diffusing into the vacuum tank. an evaporation unit is mounted in the top

of each of the three d.if'fusion pum.ps, just below the gate valve.. Each of' these

units is com;posed of three concentric truncated cop:per cones 6" high" the

largest being 20" in diameter" Evaporation of Freon 22 in cof.Ls attached to

these cones matntains a. temperature below -40¢F" '1'l).e pumps and condenser-a of

the system are placed outside 'the cyclotron 1'1.t, near the pumping 13-1'ea, Figuxe 3D

Three di.fferent types of diffusion pump oil have been used., Myva.ne oil

(D.P. 20) and Litton-C have given satisfactory results; each oil has a high

resistance to oxidation ~~d an ultimate vacuum of apprOXimately 00002 microns.

Octo1l S, now used, has even better ultimate vacuum. characteristics (0 ..0002

microns) but its poor resistance to oxidation requlr.es great care in manipuJ.a

tion of the vacuum system~
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In the original Alpha bu1iding installation 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 l5-hp, three-phase" 460-volt motor.

In order to use these pumps in their original location" two 10" vacuum lines

approximately 100 feet long were run from the north side of the cyclotron

through the east shielding wall and under the ground. floor to the vacuum pump.

area" Figure 11. Three of the KiDney 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" Chapman valve to the vacuum manifold at the other end. This

line forms the roughing 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 vacu~" 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 is 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 vapor trap in the inlet line. Since this system

had proved satisfactory and convenient" it was adopted on the cyclotron. The

dry air La obtained from the Lectrodryer unit that also supplies the dry air

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.



Vacuum Instrr.lmentation
.~-- -~.,...~.~~,

for the location of Leaks , B.ncl to lrl'otei.;tt.\1.e equipment. Each Kinney pump

is equippe:d, 'W:tth a Si;okes..typ(~ McLeod, gauge bet,,'een the P'l..ml1i and its header

valve 0 This is necesaary in order that the per'!ormance of each pump may be

a;?certained 'before it is connecbed to the vacuum header , A similar McLeod

gauge is connect.ed to the finishing header and another t.othe roughing header.

In e,ddii;1ou, an Al11.s-Chal111u:rs type Pira.ni gauge is connected to each header.

On the finishing header , the P::tr.::i..."1i gauge has a contacting device bu.ilt into

the meter wh:ich w:t11 opez-abe a relay and in turn 80'.1.11,(1 an alarm if the pres-

sure exceeds a :pl'edeterm.ined value. The alarms are located in the remote

control room and on the ut.tlity panel. Dl'tplicate sets of meters for the

fj.riishl1;ig header l'irani gauge are located at· the local control desk and on

the utility pane'l., A Bourdon type vacuum gauge a.ttached to the finishing

header in the Kinney pump area gives a convenient indication of header condr-

ti011~

On the higr! vacuum side, two t;ypes of vacuum gauges ar-e used.e a triode

ionization gauge and the Philips 'ton gauge. The triode 1.onizat'lon gauge tube

is an Elmac 35T modified by a 1/21
! d:!.ameter glass tube fused to -the side and

connected 1;0 the tank vacuum tb.rot\'tt, a :l:"lJ.bber compression type aea'l., Since no

provis:tons are made .for a V8:iJOr trap ahead of t;he Lon gauge, the pressure read

by this gauge is total tank pressure" No tube damage has been apparent thus

far, perhaps because the ion gauge is not turned on until the tank. pressure

is less than 0,,5 micron,s" The ion gauge assenJhly is located on the vacuum

manifold directly above the gate valve assembly. In this posit;ion the conduct-

ance from the diffusion. pumps around the gate valves to the Lon gauge has been
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estimated to be approxi'mately the salle as the conductance from tihe diffusion

pumps to the tank proper" AliBo,p iv. this :poa~.t1on the ste~l wall of the m.a.n1-:

fold provides the tube fila:ment with some protection from the magnetio field 0

The local and the mail, control panels each nave a sepa.rate ion gauge power

In add!tion to the 1onif;at1on ga;iJ1ge1 a Philips gauge is installed at the

tar mere rugged. thai.t.1, the triode ion gauge altd mor~ ser...si't:i,ve to small changes

131 pressntre; but '1t Ls probably not a.s accw:a.te in reading a.bsolute pressure ~

The ,Philips gauge has a cathode made up of two parallel metal plates 1 1/2~

square with 1!2w separa:tton ~ a. one'''inch wire rin,g &1Olode spaced 'between and

parallel to the two cathode plates" In t.he tank the assembly 1s mounted normal

to the direction of the magnetic field" Meters and cOKAtrols are provided. on

both. control panels~ These gause~ serve two functions~ first, to determine

wheD. the tan.k pressure is low enough to permit operation of: the ionization

gauge, ~d second, for observing increase in tank pressure with increase in

bydrogen flowaa a secondary check on the hydrogen flowm.eter.

Ba.se pressU.!'e ~,nth roughing pumps
Pump~down time (atmosphere to 50 microns)
Base pressu~e with diffusion pumps
Rate of rise on tank assembly
Time to return to atmospheric pressure
Diffusion pu.mp opera.ting temperatures

20~iX)},ch pumps
8 = inch P!JlmPS

Pumping speed (at t;ank face)
PmnIp !\lCl o 1

2
3

10 m.icrons
9 minutes

Oe006 microns
0,,00015 m.ic1rons/sec

8 minutes

240=245 °e
240=265 °c

5100 L! s e c
4900 I.jsee
4900 LIsee
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TEE RADI0-FBEQUE:r:1CY SYSTEM

The radio-frequency system consists of the resonant dee system 1.rith its

quarter-wave tra.nsmission line (dee stem..c:;), the half~wave filament; and. plate

cO'.1P1ing lines, and the oscillator with 1ts de power su:pply.. The details of

electx'ica,1. design specifications aud circult characteristics are gi.ven in

Appendix C. A description of the ph~rs'ical <units is given beLow, Except for

standard commercial coaponerrts all parts of the rf sys'bem ,,,ere designed and

fabrica.ted locally. The entire system. is shown schematically in Figcrre 14.

The Resonant Dee S;[stem

The resonant, dee system is comp1.et,ely tnclosed. in the vacuum. chamber,

Figure 2. The insulated dee assem.bly and the grounded. liner are suspended

from supporting stT'llctures near the top of the tank. exbenafon, This arrange

ment; simplifies the installation of' the dees and gives the entire assembly

mechanical rigidity and stabili'tjr.

The dee assembly consfat.s of' ·the two dees suspended by their stems from

the dee su.pport frame, ]'igure 15_ The resonant frequency f.s determined. by the

posttion of 8..11 adjustable shorting spi.der along the quar-cer-wave transmission

line. The whole assembly is i.:n"sulated by and rests upon :four ceramic insu

lators, Alsim.ag 222 (American Lava COlrrpany). The dee assembly is maintained

at a negative potential to rednce the effect of uion loading." A modified

Alpha I "G" dc pover supply is used for this plirpose. The bias potential is

controlled. by a nlf)tor~driven indnction regt.llator in the supply; the limit

switches are set fo~ a range of 300 to 5000 volts. ~ue control is interlocked

so that it can be operated only 'When the oscillator is operable ..
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FIGURE 15. CYCLOTRON COMPONENTS
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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

requirements indicated that a water flow of approximately 350 gpm. would be

desirable" 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 indicate the maximum

heating occurs. The sides of the second set of dees are 1/8" copper with five

loops of 7/8" copper tubing flattened and furnace brazed to the inner 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

ex:Pensive to fabricate.

The peripheral walls of the dees are perforated to permit high pumping

speed. Graphite 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 targets. Provisions are made on the south dee

for mounting ani accelerating electrode.

In order to reduce the long-lived neutron-induced activity, future

cyclotron dees and dee stems will be fabricated from copper - which is very

low in undesired impurities I 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/b:r

near the dees , In these calculations thermal neutron capture cross sections

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

available.

Impurity

Ai!,
Au
As
Sb
Se
Te
Fe
zn
Co
Ta

Half Life of
Act!v:f£i--
270 days
2.7 days
1.0 days

60 days
127 days

60 days
45 days

250 days
5 years

117 days

Maximum Amount
-(~)

170
30

1200
400
600

2,000
20,000

2,000
6

20

Dee stems. The dee stems were fabricated from 12." copper tubing. They

are mechanically attached to. the dees, the joint being copper-sprayed and

polished to give good electrical contact. The dee stems are cooled by means

of 7/8" 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 to 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 magnetic 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 alignment 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 connection between the two dee stems, the ftspider",

is adJustable over a 16" range to provide a means of tuning the dee circll1t ..

The spider is oval in shape, 83 1/2" long by 43t 8 wide and fabricated from

3/16" copper plate.. The dee stems are clamped, rigidly to the spider by means

of two 12" split silver-plated, water-cooled copper rings which can be clamped

securely around the stems; the rings are attached solidly to the apid,er plate,

Figure 17.. The de~ stems are also silver plated, over the adjustment range ..

The spider adjustment is made by means of four one-inch threaded copper posts

mounted firmly to the top of the spider and extendang up through the dee

support plate at which point the adjustments are made. Cooling is provided,

by 7/8" copper tUbing flattened and silver soldered. to the upper side of the

spider plate.. The water jumpers from the stationary water header to the mov

able spider are flexible metal hose and are connected with rubber compression

type fittings"

Variable Trimmer. A variable capacitance for tuning the dees is obtained

by means 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 fit

around its perimeter" It is 6ft wide, has a projected length of 26", and is

curved on a 38.. 5" radius" It is water cooled through 7/W' f'lattened copper

tubing silver soldered. to the back" To maintain balance the variable trimmer

is matched by a fixed plate of the same d~sign attached to the liner adjacent

to the north dee 11 The variable trimmer is mounted on an aluminum faceplate

on the south sid.e of the tank, along wi:th a window and. a vacuum gauge, and is

operated by a reversible ac motor with a v-belt drive. A lead screw drives a

keyed shaft through a sliding vacuum seal over the T" range in ,-vl,,5 minutes ..

Controls for the trimmer motor and a position indicator are provided at both

the local and the main control desks"
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Liner" The 'inside of the tank and. tank extension Is Lf.ned w1.th a

water cooled sheet of 3132 11 oxygen-f'ree hlgh~·conductiYi't;ycopper , This

liner encloses the dees and dee :::tems on the fow: sLdes and. on. the bottom.

The structure is 'braced with 2 1/2'~ stainless steel channeLs to make it sel±'=

supporting and rig1.d..& It 1.13 '(,rater cooled. by means of ?/8;~ flatt,::ned copper

tubing silver soldered to the outer surf'ace , Acees2 openi.ngs are provided

for the two oscillator cOl1plii:lg lines, 't,NO dee voltmeter probes, ta-rget

assembly, and the variable triw:mer. The top of the liner 18 opened to pro

vide access to the spider and dee adjustments al10 for the r-emova'l, of the dees ..

The periphery of -the liner is per£orat~d. to permit high ptuupixlg speed. The

liner is supported and pCls1.tioned at the top on. r'at.Ls ~(J',:::laed to the sides of

i;he tank extension. The lower end o:f the liner is pos;Lt,ioxle,l by means of

lugs on the ta.n.k walls which engage other stainless steel lugs welded to the

botrtoa of the liner1 in a tongue and groove fashion... F'ig'Cu:'f~ 18 shows the

liner being "installed for vacuum testing during the construction per-t.od.,

Rater-Cooled Hea<!.e~.. There are two main 'l,·later.·cooliIlt'S cLrcuft5 in the

ta:nk. Headers for the inlet supply and the outlet for 'the liner are at ground

and pass directly through tht? north "rall of the tank extension" The second

header system; supplying all parts of the dee assembly1 is attached -to the

dee support frame" Since the dces are insulated to operate at a de bias,

sections of two-iuch rubber hose about, seven feet. Long 8J:e used. to insulate

the <lees and. to connect, to the inlet and outlet headers at the extension wall.

£.os:l;.i~ Lines ~ The lengths of the plate and filamen.t eoupling lines

were calcula.ted, and then verified by full scale electrical model tes·t,s, as

describe!i in the Appendix B. In making the actual installation, a lihu.m.p~ ~I1aS

provided in each line so that at some futm:'e date the lines coul.d be shortened
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wi'thout moving the oscilla'tor cabinet. The hump also accommoda'tes 'the

grea'ter leD.gth of the filament line, Figure 19.

The pla'te line is a 3 3/4" on wa'ter-cooled copper 'tube cen'tered in a 12"

square ground shield. The filamel1't line is 2 1/2" on air-cooled 'tube wi'th a

6" shield. The outer ground shields for both coupling lines were fabricated

from 1/16" thick copper sheets and in shor't sections for ease of handling and

assembly. Each section has one-inch flanges with a stainless steel backing

s'trip a't ei'ther end for joining the sections. Also, one side of each section

is removable to provide access 'to the inner conductor which is cen'tered in

the shield by means of plastic (Teflon or D-29) spacers.

Since power loss calculations indicated the necessity for water cooling

the pla'te line, concen-tric piping was used. The outer pipe of 'the plate line

is 3 3/4" on copper wi'th 0.10919 wall thickness. The inner pipe is 2 3/4" OD

brass wi'th 1/8" wall; 'this keeps 'the water near the wall of the outer tube

where cooling is needed. To keep the quanti'ty of water in the plate line

assembly to a minimum necessary for the cooling, a thud '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 cyclotron 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 to sectionalize the transmission line.

A 9" section is removable from. the line and a mechanical split clamp serves to

make the connection. The water circuit is brought out Of either end of this

section by means of a 5/8" copper tube linked by Tygon tubing. The plate

coupling line is joined to the south dee stem by means of a 2 1/4 ft by 3/8" by

l2" silver-plated copper terminal block permanently welded to the stem. An

adjustable jumper connecting this terminal block to 'the coupling line permi1;s

approximately ll" of adjustmen't along the dee stem.
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FIGURE 19. I NSTALLING 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" ID

copper pipe is 7" across and can be moved over the range 4" to 18" from the

dee stem. The electrical connection 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; is 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 suitably 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 7 1/2 feet high. Rf

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 performance 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

filament supply circuit consist of coils of solid copper bar, one inch square.

The ceramic "Lapp" coils originally used for introducing cooling water to the

tube and the plate line failed whenever the oscillator voltage was increased

to give 200 k:v 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, voltmeter

resistors, and control and interlock equipment. 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 mounted on a long stem extending dow. through the top

of the vacuum tank, through the dee support frame and spider; and. between the

dee stems to the center of the dees , 'F'lgureB 2 and 21. :L'he 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 ion source can be

moved ~ or dow. and rotated about a. verti.cal axis to secure the desired align~

ment.. When repair or replacement of the ion source is necessary the whole

assembly can be removed through a vacuum lock. S"tepped plugs properly located

in the roof shield axe removed. to permit changing the ion SOl1rce with a minimum.

of lost ti.me.

Rldrogen 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 sta:tion. 'rhe

cylinder f'rom which the hydrogen is supplied is housed outside of' 'the cyclotron

building. A't each station a. pressure gauge in the line controlling the penn

matie valve has been calibrated to read hydrogen ,flow in cubic centimeters per

minute. The rate of f10w required during operation 1s from 2 to 3 ce/min. In

order to conveni.entJ..y obtain a periodic re-calibration of the gauge l a flow

meter (Fisher-Porter Rotameter) is permanently installed between the supply

and the pneumatic valve. Since both t,he flow meter and the pne'lJ.UJatic control.

depend upon constant gas pressure to make t,he rate of flow meaningful I a spe

cially designed Taylor differenti.aJ. pressure transmitter is ins'talled 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 accelerating ~lectrode, Fi~e 22. The ioniza

tion, or arc, chamber is a graphite tube 0.563" OD, 0.375" ID, and 10.711 long,

enlarged at one' 'end to fit over the c~thode, 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 are accelerated from the filament into the arc chamber by a 100 to

300 volt potential, 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 are used when small proton beam

currents are required. A defining slot between the filament chamber and the

arc chamber determines 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 anode is a graphite plug insulated from the arc chamber by

a piece 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. There 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 ti>lO gallons per minute.

Ion Source Power SupJ?lJ.,~s 8.&"1d Controls

The power supply and control c1rcuits for the filament and arc are shown

schematically in Figure 23.

!~lam.ent Supp~. To.supply de power to the ion source f1.lament, two

Alpha I filament supplies are connected in parallel. Each stWply, consisting

of a. 400:12 step-down transformer and a copper oxide rectifier, is rated a.t

300 amperes at 3 to 6 volts. The output of these supplies is controlled by

saturable reactors in series and operated through one G. E. Reactrol unit,

which everuy divides the load on the two rectifiers.

Arc Supply", The potential between t.,he filament and the ionization chamber

of the ion source is provided by a de power supply rated at 10 amperes at 75 to

400 volts. This supply is made up of a bank of three 2 K-va, !~60/230 volt

transformers, connected 6Y, and a three-phase fuli-wave rectifier using FG-32

mercury vapor tubes.

Arc Controls. Arc voltage and arc current can each be varied Lndependentil.y,

A saturable reactor i.n the primary of the arc supply is controlled by a Reactrol

control unit which re,~etves its signal from a potentiometer across the de out

put. A motorized control on the potentiometer makes it :Dessi.ble for the oper~

ator to select the desired arc volt,age.. which then rel'.f!ains constav.t. regardless

of arc current ..

The arc current flows through a rheostat from which a signal goes to a

Rea.ctrolunit which contirol.s the de current in the saturable :rea!::to:rs in the

pri~~y of the filament supply~ This regulates the filament temperatlJre and

thus the arc current 0 A motor drive on the rheostat is used by the operator

in selecting the desired arc current, which is t;hen held constant regardless

of' arc voltage ..
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CYCLOrRON TARGETS

Various types of targets can be attached to a target head and in turn

mounted on the shaft of a target dolly which can be rolled into postt10n

between the magnet coi.Ls , Figure 21~. H;y'draulic pi.stOlls on the target d.oD.y

lift the target vacuum'lock into position against the bottom of the vacu;~

tank" 'The target is then raised f:t'om the vacuum lock to ope:rat'ing position,

or lowered, by worm gears driven by an electric motor which may be remotely

controlled.

The target shaft consists of two concerrtric stai~ess steel ttilies, 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 q111ck~cha:nge Lock

ing mechanism is welded in place. This mechanism provf.des a jaeans of attaching

the target head to the target shaft in a manner permi.tting remote operation and

thereby reducing exposure of persomlel when. a bombarded target is being removed~

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

of a 'wedge which provides full effectiveness when rotated 90Q
•

.'.rhe Target Head

The target head is a .non-expendable part of the target assembly ,"'hich

distributes the water from the central -tube to the target" It is machined

from copper or brass , A copper 'block which fits onto t;he shaft has an. accu

rately machined hole to receive the inner tube so that by-passing of the water

circuit 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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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 transfer 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 rapidly (radioactively). The target shaft upon which the target and

head are mounted is electrically insulated and serves as the lead formoni

toring the target current.

Of the various types of experimental targets, two are shown in Figure 27.

With the first, the beam passes through a 0.015" aluminum window and into the

target directly behind the window 9 Cooling water circulates in contact with

the target which is held in place by a spring clip. This is a convenient sys

tem for irradiating metallic targets where only a few microampere-hours are

needed. Beams above 100 ~a have been used without dam.age to the aluminum

windows. In the second type, layered target foils are exposed. directly to

low-current beams.

For larger beam currents a grazing incidence target is used which makes

use of the increased area exposed when the beam strikes the target at a small

a.ng1e, 2 to 50, Figure 28. With the beam spread over a large surface the heat

transfer requirements are reduced and larger currents may be handled without

melting 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 is deposited in a milled-out section of' the target surface. The

target is then bent to the proper curvature to f'it the beam and attached to its

mountings to give the desired angle of incidence.
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COHTROL EQUIPMENT

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

the cyclotron pit 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

available at both control stations.

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

2. IndiVidual ammeters for the 20 rectifier units.

3. Master On-Off control of the 20 rectifier units.

4. Master voltage control of the 20 rectifier units.

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

6. voltmeter for the plate voltage of the oscillator tube.

7. Individual dee-to-ground peak-reading rf voltmeters.

8. Dee-to-dee peak-reading rf voltmeter.

9. Dee support plate rf voltmeter.. remote console only.

10. Beam current milliammeter.

11. Beam current integrator, remote console only.

12. Beam current recording meter, remote console only.

13. On-Off control of the ion source filament current.

14. Manual current control of the filament supply.

15. On-Off control of' the ion source arc su:p:ply.

16. Current control of' the arc supply.



17• Voltage control of the arc supply.

18. Filament current meter.

19. Arc current meter.

20. Arc voltage meter.

21. Oscillator tube filament On-Off control.

22. Oscillator tube filament voltage meter.

23. Dee trimmer drive control.

24. Dee trimmer position indicator.

25. Magnet energizing current, coarse and fine adjustment.

26. Magnet energizing current meter J remote console only.

27. Ion source stem rotational alignment control, remote console only.

28. Oscillator tUbe grid current meter.

29. On-Off control f'or dee bias supply.

30. Voltage control for dee bias supply.

31. Dee bias voltage meter.

32. Dee bias current meter.

33. Dee-to-dee phase relationship oscilloscope.

34. Master overload relay f'or oscillator tube plate current.

35. Pirani gauge for vacuum finishing header, pit console only.

36. Ionization gauge, 35-T type, controls and meter.

37. Philips ionization gauge controls and meter.

38. Vacuum gate valve push-button controls.

39. Ion source hydrogen gas flow indicator and control.

40. Radiation instrumentation for gamma.-neutron recording and
f'or neutron measurements, remo"te console only.

41. Individual magnet c011 voltmeters.
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42. Recording potentiometer for magnet winding temperature, remote
console only.

43. Auxiliary magnet field On-Off control, remote console only.

44. Auxiliary magnet field raise-lower control, remote console only.

45. Auxiliary magnet field current meter, r~note console only.

46. Target calorimetric heat balance recorder, remote console only.

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

48. Indicator lights for the following:

a. Control station in use ~ local or remote
b. Oscillator cage door closed
c. Oscillator permissive switch closed
d. Oscillator control power on
e. Oscillator tube filaments on

49. Red indicator light, alal~ bell, and silence button for the following:

a. Insufficient oscillator tube cooling air
b. Insufficient osc'i.llator tube cooling water
c. OscillatfiJr cabinet 't;18.ter overflow
d. Insufficient dee water
e. Insufficient ion source water
f. Insufficient probe water
g. Insufficient liner water
h. High level of radiation outside shielding
i. Vacuum pressure too high
j. Magnet coils hot
k. Insufficient oil flow
1. Fire fog system in pit activated
m. Rotating target in operation

control S,tations

The local control station is in the cyclotron pit 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 console desk; 1/8" sheet steel

panels were attached to a five-foot steel office table.
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A small room adjacen't 'to 'the building sw1'tchboard room, Figure 3, was

adapted for use as 'the main control room. Located on the main floor in the

sou'th cen'tral section of the bUilding, 'this remo'te control s'ta'tion is approxi

ma'tely 400 feet from the cyclo'tron. Con'trols and instrumen'ts are moun'ted on

a console desk, similar 'to but larger than the local console, and on four

auxiliary, 62" by 19", relay cabine'ts, Figure 30.

Power to opera'te 'the con'trol circui'ts is supplied through 'two 110 volt

ac buses. All Off relays are supplied 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 a't each control

station. only one section of this bus can be energized at a time 'through a

selec"tor switch at the local control station. AIl operator inside the cyclo

tron pi"t can thus prevent operation from the remote control panel.

Control Circuits

The various,controls, indicators, and alarm circuits at the control

stations are briefly described below0 The numbers used refer to the items

listed above.

1. Since 'the power supply is made up of 20 individual rec'tifiers which

were available in 'the building, i't is necessary to con'trol each rectifier

separa"tely in order to balance the load distribu"tiono There is a motor-driven

induction vol1ia.ge regula'tor in the primary circuit of each rectifier.

2. To meter "the curren't ou1ipu't individually 'the ground side of each

rec'tifier is connec"ted 'through a 0-3 ampere ammeter at the console to a

cOllm\On ground. Each meter is pro'tec"ted by an inductor-capacitor network.

A film gap is connec"ted from "the high potential side 'to ground to pro'tect

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

simultaneously from the divided control bus. The Off relays on all rectifiers

are energized 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 energized. 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 power, 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 proper 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 is necessary to prevent an operator from

trying to run a regulator in both directions at the same tim~.

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 consoles.

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 1ndicat.ing meters at the consoles are connected in series with

the ground end of the multiplier resistor.

7 &8. The peak-reading dee voltmeter circuits register both dee-to

ground and dee-to-dee rf potentials~ An oscilloscope across the dees permits

a continuous check of the phase relationship of the potentials on the dees.

Current from ea.ch voltmeter probe located approximately six inches from. each

dee is rectified.} filtered, and. measured by a one..milliamllere met,er.. Similar

meters on the two consoles are in series. They are calibrated and provided

with the proper shunts for two scales, 0-150 kv and 0-300 kv dee-to-grolmd,

and 0-300 kv and. 0-600 kv dee-to-dee e

9. The rf potential on the dee support frame, which is proportional to

the unbalanced dee..to-liner current, is metered from a probe in a. manner simi

lar to the dee-to-dee potential. In operation the position of the trimmer

capacitor is adjusted to minimize the rf potential on the dee support frame ..

This type of control is also e:x"tremely useful in matChing the frequency of

the dee system to the magnetic field for peak resonance conditions~

10. The current to the target is filtered a~ud then incticated on an

ammeter with ranges of 0-.1-1-2 milliamperes. Jacks are provided at both

consoles for cOllnecting other meters of any desired range.

11.. A modified watt-hour meter is used to record integrated. beam current ~

It consf.at.s of an ordinro:y low range '{;att-huur meter, the current coil of which

is supplied fr~m a regulated Go-cycle square wave by a synchronous Vibrator

driven in phase with the voltage applied to the current coils of the meter.

After chopping, the target ct~rent is filtered, amplified, and. then applied

acr-esa the potential coil of the wattmeter.. Thus the rate at which the disc

turns is proportional to the target cur-rerrt , Tests have shown t.hat i t maln~

tains excellent calibration (± 2.5%) over the specif'ied ranges. The various
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ranges, 10-50 ~a, 50-200 ~a, 200-1000 ~a, are necessary to prevent distortion

in the amplifier which energizes the potential coil.

12. The beam. current is also recorded on an Esterline-Angus recording

milliammeter reading one milliampere full scale.

13. The ion source filament On-Off 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 a 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 ampere meter across a

500 ampere, 50 mv shunt in the filament lead.

19. The arc current is indicated by a 0-10 ampere de meter.

20. The arc voltage is indicated by a 0-)-1-00 volt de meter.

21. 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 1/)4- hp motor through a gear reduction

unit and a belt drive.

24. The trimmer position is indicated by a 100 microampere de meter.

A regulated dc 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, cur-rent, over a limited zange (110 amps) a. de

source 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 tha.t the drop acros,s,one f?tep of the

coarse decade corresponds to 10 arr~eres and the drop across one step of the

fine control decade corresponds to one ampere on the magnet current measure

ment shunt. The decade resistors buck out part of the s Lgna.L from the shunt

to the regulator and causes the regulator to change the ~~gnet current in

ten- and one-ampere steps~

26. The magnet cmrent 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 ampy 50 mv shunt.

27. A Selsyn motor system operatzlng through reduction gears is made to

control the rotation o~ the ion source stem a maximum of three degrees. This

makes possible the alignment o~ the source for maximum ion output.

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

50 mv shunt. X-ra.y cable is used in connecHng 'this shunt with meters in

both consoles.

29-32. See the section describing the bias potential on the dees, page470

33. A tyTo-inch oscilloscope installed on each console receives its

signal from the dee voltmeter probes. Si~lals from the north and south dees

are placed on the vertical and horizontal plates respectively.

34. The overload relays for the oscillator plate current are connected

to t,he ground side of the total current shunt at each console. The local con

sole relay can be adjusted to trip at any desired amount from 4 to 16 amps de.

The relay a.t the remote console can be set for 10 to }fO amps. The ground con

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

console.



85

35.. The hot wire of t.he Firani gauge is located in the discharge of the

diffusion pumps (in the finishing header).

36. An ionization gauge of the type using a modified Eimac 35~T tube

is mounted on an auxiliary panel at each control station. There are two 35-T

tubes mounted in the vacuum manifold T,lith a selector srlteh in a junction box

located outside the shielding wall for convenience ill case a tube burns out

during a run.

37. Conventional Philips ionization gauges are used. THO chambers are

provided in the vacuum tank and either can be switched to either control

stai:ion. See page 1+6..

38. Motor-driven gate vaIves are mou..ntied between the t.ank and the

diffusion pumps. Push-button controls and indicating lights for these va.lves

are located at the remote control stat,j,on, the utili.ties panel, and at the

ga.t€~ valves.

39.. The hydrogen gas flow Lndf.cator and control 1.8 mounted on an

auxi.liary panel at each console. This control is operated by compressed

air, see page 62.

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

Appendix E.

)+1.. The voltage drop across each magnet coLL is important since the

coils are carrying approximately hOi more current than they were originally

designed for. Uith the voltage drop and cu.rrent known, the coil temperature

is readily determined from a family of curves.

42. The average temperature of the magnet coils 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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increases the ratio of voltage to current increases. A contactor in the

recorder can be set to sound an a.larm 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 a.n

On-Off push-button and a. potentiometer which controls the :i.nput to the field

of a 15 ~~ amplidyne generator which in turn determines the de output supplied

to the windings. A 0-30 amp meter is used to indicate the current output of

the generator.

46. A recording potentiometer '''hieh reads directly the temperature

difference between the incoming and outgoing target water to within O.loc 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 is 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 ~ (OC)

In general, the power input obtained from meter reading and the calorimetry

method check within 5%-

47. The recording wattmeter and controls for a system which is used for

calibrating the recorder described in (J.~6) above have been installed at the

remote 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 kw, are energized from an induction

regulator which is controlled from the remote console. A recording wattmeter

is used to mea.sure the a.mount of power being dissipated in the water. By

energizing the calibrating heater to any power desired, up to 27 k'Yr, 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 bIT! expected from dissipating

any value of beam power up to 27 kw under actual 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 anyone 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 fuen reappears the bell rings again.
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SHIEIJ)TIIG

The shielding wall surrounding the cyclotron is designed. to reduce the

neutron flux to less than 200 neutrons/cm2-sec; the permissible exposure for

100 kev neutrons * Theoretical calculations i.ndicate t.hat a one-milliampere

beam of 25 Mev protons on most targets produces neutrons at a rate of about

1014 per second, For a m..'udmum beam of' five mi11iam;peres, thls gives a :flux

of about 108 neutrons/cm2-sec
l 20 feet from the target. After filtering

through several feet of concrete, the neutrons are reduced in energ-.1to at

least the inelastic scattering threshold of materials in concrete; 10 to 100 kv.

Most neutrons may be expected. to have energies considerably less tha.,."1 this, and

a considerable fraction are thermalized. The shield 'Wall must be thick enough

to produce an attenuation of 105 or about 12 attenuation lengths. The attenu-

. *ation length of fission neutrons in concrete is about 4.5 inches, while for

lower energy neutrons it is considerably less. For this length a wall thick7

ness of 54 inches is indicated. To allow for a factor of safety, a five foot

shield wall of ordinary concrete was specified.•

The cyclotron shielding consists of five feet of concrete OIl the four

sid.es and the top, Figure 31. Three walls are Bolld reinf'orced concrete but

the south wall is built of prefabricated concrete blocks, 1~f1 by' 8n by 16",

which can be removed in case of a major red.esign requiring more 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 wall.s. Openings

thro~h the shield.ing wall provid.e for a main entrance at the ground floor

level, an emergency exit from the lower level of the pit, and openings
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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 temporarily closed with concrete blocks.

The entire roof of the pit is composed of removable concrete blocks in

two layers" Eight lW..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 ion 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 main entrance and the emergency exit 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 enbraace is a

passageway four feet wide consisting of three short corridors 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 neutron 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 is still some leakage around the edges , The neutron

flUX, normalized to a one milliampere proton beam on tantalum at 25 Mev, is

tabulated below in units of permissible exposure (200 n/cm2- sec for a 40-hour

week) •

Units

Waist height, center of door 0.1
Waist height, edge of door 6
Waist height, 4 feet in any direction 0.2
On floor, center of door 0.5
10 feet above floor, center of door 60
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UTILITIES

The various utility services required for cyclotron operation were

provided by conversion of established utility installations formerly used

tor calutron operation. A pumphouse and cooling tower are adjacent to the

bUilding in which the cyclotron is located. Two 2800 gpm centrifugal pumps,

each. driven by a 250 hp motor, circulate distilled water through heat ex

changers and to an 8000 gallon storage tank on the roor , Also, two 6000 gpm

P'Wll];ls driven by 300 hp motors circulate the cooling tower water with the

tower basin as a reservoir; the usual bank of fans is available for tower

draft. A system for circulating oil through the calutron magnets and the

cooling tower is capable of pumping over 5000 gpm. Water lines and oil lines

were available within a few feet of the cyclotron location. Of course the

capacity of these systems far exceeds the cyclotron requirements; they vere

adapbed with a minimum of modification.."

Distilled Water System

The water used in the system is demineralized steam condensate with a

r.esl.stivity of around 25,000 ohms per cubic centimeter. Should it be desir-

able to increase the resistivity of the water, a de-aerator of the steam

eject?r type can readily be activated. The estimated cyclotron water require

ments in gallons per minute are:

Dee .assembly
Liner
Variable trimmer
Source
Target
Oscillator and transmission Lf.nes
Dif'fusion pumps

Rated

300
50
10
10
75
70
30

Present

175
15

3
3

50
50
30
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The orig1DJd system furnishes watel' .at 160 psi to a pressure regulating

valve, which reduces the pressure to 70 psi.. The components of the cyclotron,

with the excepti.on of the target, have been designed to provide adequate flow

at this pressme" In order to prevent the pressure from rising above this

value a relief 'valve was installed on the low pressure side of the regulator

valve which dumps into the storage tank on the roofo Three replaceable filters

in para.llel are used in the 41~ line :frl?mthe pressure regulating valve to the

cyclotron" For 'the ta.rget circuit, where the dolly makes excessive impedance,

a separate regulator bas been added to prOVide ~ pressure of 140 lbs/in2•

Originallyy 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 pressur-e

more useful; a 5000 gallon tank was installed near aI',,J on the same level as

the cyclotron" All water circuits in the cyclotron empty into this tank

through a 6i ' header, thus reducing the back pressure to about !J. 1",810 Water is

separately p'UlIX,Ped from this tank back to the stora.ge tank on t.he roof.

Magnet Oil S;xstem

Magnet cooling oil at 100 psi was available in a lD~ header within a few

feet of the cyclotron" The oil has a specific graVity of 00895 and a Viscosity

of 9.8 centipoises at lOO°J!'. Since no provtsf.ons had been made for filtering

the 011, eight cylindrical filters were installed in parallel, each presenting

about 10 square feet of single layer flanneL A pressure reducing valve is

arranged so that if controlling air pressure :fails the regtllating valve will

close) thus protecting the magnet coils from excessi.ve pressure o The return

section of the system has an 18 psi back pressure and provisions have been made

for the installati.on of a booster pump shoul.d this high back pressure be trouble

some.



Oil connections to 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 during the course of a long rlUl in order to secure an appropriate

drop in oil temperature and to insure that the coil temperature remains below

the limit of 170°F.

C0!pressed Air Slstem

A centrally located air compressor serves the entire Y-12 area; two

auxiliary compressors are available in the cyclotron building. Compressed

air is used for pneumatic controllers, pistons, and air wrenches. Since the

plant compressed air supply contained too much 011 to be satisfactory for

cooling oscillator tubes, a Nash water-seal centrifugal compressor was in~

sta.lled nea.r the cyclotron with 41f pipe duct.. The oscillator tube requiI:'es

300 cfm of air at 10 psi.

Dry air is reqUired as a drying agent for the Kinney pumps as well as

for exposing the vacuum chamber to atmospheric pressure. A set of Hoffman

centrifugal blowers, Type EBA, and Lectrodryers, Type BWC, were installed to

provide dry air at 3 p6i#

Ventilating and Heati~

The cyclotron pit is kept under a slightly negative pressure by means of

a centrifugal blower. The pit air is filtered by C10JS filters and then exhausted

above the roof of the building., This blower motor is interlocked with the fire

alarm system so that the air draft is cut of'f in the event of f'ire"
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Ut111ty Control and Instrumentation

Thorough instrumentation and centralized control of the utility services

are provided at a 7 foot by 20 foot utilities panel, Figure 32. The utilities

panel is supplied by a 1 KVA, 460/115 volt transform.er connected to the 460 volt

building supply. This installation is located outside the shielding wall and

about 20 feet east of the pit. During construction of the cyclotron, thermo-

couple wells, orifice f'Langes , and guage nipples were installed at those points

in the lines where information was desired. These were then connected to the

utilities panel. A smaller pane.l with only the most essential indicators and

alarms is located in the main control room. The utilities panel presents the

following data:

Magnet Oil System

1. Records supply and regulated pressure.
2. Indicates supply and return 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.

Distilleq Water System

1. Records supply and regulated pressure.
2. Indicates supply and return temperatures.
3. Records discharge water temperature of the six vital

flow circuits: liner, dees, oscillator, source,
target, and variaple trimmer ..

4.. Records flow through each of these six circuits and
provides an alarm should any fall below a m.in1mum~

Miscellaneous Indications, Controls, and Alarms

10 Vacuum, Pirani gauges on roughing and finishing headers,
alarms on high pressure ..

2. Diffusiol1 pumps, heater power control.
3. Gate valves, control for motor drives
4. Ventilation inside shielding wall
5. Liquid. level of distilled water storage tank.
6. Nash air compressor.
7. Lectrodryer.
8. Fire ala.rm. and. C02 system.
9. Radiation monitors and alarms.

10. High volt,age interlock system.
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FIGURE 32. UTILITIES PANEL
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CYCLOTHON DEVl!..LOPMENT

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 high-gamma activity were provided.

Ion Loadi~

When the cyclotron was originally assembled oscillations were readily

obtained at atmospheric press'\lI'e, 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.
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When a negative bias of 1500 volts was applied. to this grid. structllre, rf

oscillations could readily be obtained. on the dees in vacuu.m, but continued

operation was illIJ?ossible due to excessive rf heating and insulator failure.

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

3/8" c0'P'Per tubing suspend.ed. vertically between the dees and the li.ner and

supported by insulators at the top and at the bottom. This grid system., with

a negative bias of 1 to 3 kv, permitted. reasonably satisfactory cyclotron opez--

ation except for an occasional insulator failure. As highel~ beams were obtained

the rate of failure of the lower insulators became excessive and they were

removed, allowing the grids to swing freely between the dees and the liv.er,

occa.sionally shorting to ground., The arrangement was further improved by water

cooling the grid structure.. Operation was fairly steady u;p 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=cooled grids.

The best performance during this period is summarized:

Beam Meter
!1,eadiAe; , (ua )

5000
1000

100
10

2

Energy, at He
_-...-.(M.....e!2._

3
15
20
22
24

Dee-to-Dee
Po~e~tia1 (~l

50
210
240
280
300

Biased Dees. It had. become apparent that the water-cooled grids were a

principal factor in limiting the dee-to-dee vot.tage , In order to improve cpei--

ation, a time consuming and questionable program of grid destgn and development

would have been neceasaey, As an alternative method for controlling ion load-

ing, without the use of grids" the dees were insulated so that a de bias poten

tial could be applied to them. A temporary installation involving :r:'elatively
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simple changes was made firBt~ A 150 ~~f capacitance was inserted in series

with the plate coupling line at the tube end to prevent t,he shorting out of

the dc bias without interfering with the transmission of the rf power. The

dee support plate was insulated. from ground by mean.s of 1/8" of Teflon, which

has excellent rf insulation characteristics. An IJ1Sulating hose was inser'ted

in the water '. header. The liner clamps were removed from the sp:!.der and the

liner-to-spider clearan.ce was increased to 1/2" at all points. This effec-

tively isolated the dees from ground., After the above changes} cyclotron per-

formance improved markedly, as shown by data taken in .J'tk'1e, 1951.

Beam Meter
~eading (\.I:aJ

1010
790
500
200

Energy, at He
.• (MevI_

15
20
22
24

Dee-to-Dee
,Potential, Jkvl

300
330
380
380

New Dee System~ Although periods of excellent operation were obtained

with the original insulated dee system, operation was lxncerta1n because of

Teflon insulation failures and local heating effects.. In July, 1951, a second

set ot dees with improved water circuits and other features vas installed. In

the new system the dees rest upon four Alsimag 222 insulators mounted f'I"om

the inner walls of the tank. The plate-line dee-stem terminal is brazed to

the dee stem, eliminating the doughnut-shaped clamp and insuxing good contact

and cooling at all times. The connecting dee-stem clamp and the dee support

plate are water cooled. A 3/8tf gap is maintained bebveen the tank and the dee

support plate so that the entire system is insulated from ground., A negative

bias potential is then applied. to the assembly ill the usual manner , Since

this system was installed ion loading has ceased to be a problem..
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RF Balancing. In the insulated dee sJrstem no direct elect.rical

connection exists from the spid'er to the liner (ground). This means that all

the ground current due to dee-to-dee-to-ground, unbalance must flow by capaci

tor action from the sp:Lder through vacuum. to ground or from the dee support

plate through vacuum to ground; Of the two path.s, the dee su.pport plate to

ground. probably offers the least. impedance to the rf current due to the capaci

tor area involved. This current resu.lts in undesirable heating of the tank

walls. A method of minimizing this ground. current by balancing the dees has

been developed. It consists of changing the dee-to-ground eapacita.uce of the

south dee by means of a trimmer capacitor until a minimum dee support plate rf

voltage is reached. This balance must be made at f'requen.t i,ntervals during

operation because the slightest movement of any dee system component results

in a change of dee-to-ground capacitance, with resultant unbalance. Controls

for performil'l..g this operation, along with an rf voltmeter, have been installed

at the remote control desk~

Magnetic Field Corrections

:Preliminary magnet shims were designed. to correct for azimuthal varlations

in magnetic field and. to prOVide beam focusing. A displacement of the median

plane of the magnetic field was corrected by the addf,tion of u'lxiliary coils

on the pole pieces .. The preliminary shims were later J:'eplaced by one~piece

machined shims ..

Magnet Shims • Measurement of magnetic field distribution on the 1/16

scale model magnet and later on the actual installation had. shown some irregu

larities which were the result of converting the rectatigular field of t,he

calutron to a circular field for the cyclotron.. The lOt! pole pieces and 4"

tank. walls had left some weak areas that were to be corrected" Magnet shims
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.
were designed. to correct for these variatiOl1S ill the field and also to introduce

the desired radial distribution of the field requi:l:"ed. for beam :foc~sing.. Pre

liminary shims were made from flat 861~ discs of steel, 2" thick with layers of

0.016" steel shim stock attached to the discs to obtain the desired effects. At

some points as many as ten layers 'Were required. The desired field pat,tern was

achieved through repeated field plotting and. rearrangement of shim pieces, as

described in Appendix B.. These patchwork shims were used durin.g the early weeks

of test operation of the cyclotron" The chief disadvantage of the layered shims

was the problem of outgassing them each time the tank was evacuated. From the

pattern obtained with the preliminary shims" solid shims were d.esigned.. The

desired. contour was machined into the surface of a 2 l/4J' steel plate with a

vertical boring m:Ul, see Figure 9..

Auxiliary Magnetic Coils" When it was observed that t.he beam cu.rrents

were sharply diminished beyond. the 30" radius, a series of tests was made to

determine the beam pattern and the position of the beam as a function of radius ..

A target head was designed. to contain five copper targets wh:i.ch could be in.-

j ecbed sequentially into the path of the beam at variO"aB radii d:uxillg a single

continuous period of operation; no vacuum lock was available at this time.. The

shape and position of the beam. was determined by radioantographs of the exposed

targets.. It was found that the beam. remained near the median plan.e at radii

from. 5" to 23" but that from 23 1f to 30" it was def'Lecbed ~;way from the median

plane at an angle of apprOXimately. 20" (to the west).. At 30fl almost all of

the beam was striking the dees , To correct this condi.tion an auxiliary coil

of 65 turns of #6 wire was wound on the 10" thick pole piece at each side of

the tank.. With <t'V 10 amperes de in the coils1 directed in such a way as to

increase the field on one side (west) and to diminish it on the other, the beam.

1s focused c106eto the median pl~e at all radii.
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Early operation was somewhat sponadf.c °with the machine frequently shut

down for adjustments; modifications, repairs, vacuum troubles} or perhaps just

to permit some component to cool off. continuity of operation improved markedly

when difficulties associated with ion loading were brought under control. Lost

time due to poor vacuum was reduced by a redesign of the ion source and target

assemblies. A more rigid ion source stem reduced the :tnf.:.idence of filament

breakage.

In preliminary operation the ion source and the target had both been

mounted on the same faceplate and inserted through the bottom of the vacuum.

chamber. Since no vacuum lock was provided, frequent changes of these units

resulted in much waiting for satisfactory vacuum conditions. During the July

shutdown, separate iOrJ.~source and target assemblies were installed, each with

vacuum lock. These assemblies have been described in a previous section,

pages 62 and 68. The increase in innage time for the period J1..me through

september 1951 is shown in the distrib11tion of cyclotron time given below~

Cause of Ou.1age Percent of Scheduled Time
Juneo----Ju.ly AUlLust Sep~IDber

:Leaks and high pressure
Arc and filamen:t trouble
Electrical trouble
Rf' heating of' ta..'1k.
Dee changes
Dee balancing
Source changes
Target handling
Refrigerant care
For experiments
~Uscellaneous

Total OUtage
Total Innage

4
2
2

3
4
2

18
10

10
55

100

4
1
4

4
2
2
7
6

30
70Too
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!.a.rget l2.l!!eloe~JZ~~

When an internal target is used '.rith the face of the target at 90° to

the beam. path the total energy of the beam. ts concentrated on a. sl.lrface not

more than. 4~i by l/l~~~"The pattern of a cross seet.ton of the beam is deter-

mined from rad:toe:IJtographs of target su.rfaces e With water as a coolant 1.t

Ls posstble to t;::t'ffi'1sf'er only' about; 1 k'itrfin2 while mairrtalning a sv.rface

would permit a more ra:pid tra.nsfer of heat but tihe m.elting of many of the

materials used for bombaxdmerrt lim!1;13 the use or this prh1.ciple;, T'.ne c;yclo-

troD. beam bas a maximum:::r.:)ss sectional area of less 1;han one equare inch

Which, .witIl a perfectly uni.form baattl.? li.rnits the proton beam power on a 90 Q

target to one kilm,.ratt. 'l'his means tha.t at, 20 Mev the cyc.l.ota-on could be

operated safely at. a current of not more than 50 !Jay which is far below the

maximum current obtainable 0

In order to absorb more power on an Internal target the effective area

can be increased by rotating the target" or by inclining 'the surfa(;e so tha.t

the beam. strikes at 8. small. sngleof l.ncid.ence; a combln.at1on of both could

be ueed, Rota.t;ing targets have been invest.;igated.. but none have been used yet.

The grazing incidence ~pr.tnciple has been used Ln spreading t.he beam. over

large target surfaceso

ure 33, was paxt;icula.:.t'ly co:mre:nient since the fS.t'azing angle could be var-Led

from. run to r-a."l by simply rotati:n.g the target 'tube in the mecha.u.ieal s~als <>
,,:" ~

The, flexibility of this design allu~~d various sizes of bombarded areas, as

well as dift'eren:t grazing 'angles J to be t;ested in the e&rly exploratory runs.

The targets 'Were made from aluminum. or copper tUbiD.g, t'lattened 'in the region



_ 6"x 10_11
_ , aFIGURE 33. FIRST WATER-COOLING TARGET FIGURE 34. GRAZING INCIDENCE TARGET ~
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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 minimum required for

handling large heat fluxes or for bombarding materials with low melting points.

As the cyclotron beam was increased from 20 lJ.a to 500 ua it became

necessary to develop targets having more area in order to dissipate the larger

power input. Targets of 6" by 2 1/2" were mad.e with the long dimension 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 4 inches

compared with 2 1/2" in the first set of dees , With i~roved. operation the

beam current available rose to above 1000 lJ.a. Consequently, a still larger

grazing incidence target, 6" by 10", was 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 1/4" walls. The tubing is annealed and then

flattened in a hydraulic press against a 1/16" mandrel at about 50,000 psi.

The flattened tubing is machined on the ends for attachment of the water

header. To provide needed rigid.ity welve holes are drilled through the target

and pins fitted snugly into the holes. The pins and the header are Heli~arc

welded, the desired target material is 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 20
•

Recently an improved method of construction of the 6" 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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Increas~~g ~ton En~~gy

Early experiments indicated that the beam energy vas somewhat below the

energy calculated from. Hp. For methods of lIleasuring the energy of the tn

terna.l beam, see Appendix D. Where the calculated energy was approximately

22 Mev, act:f.vation studies indicated t"J19 Mev. In order to locate the cause

of this lower energy a harmonic analysis of the magnetic field was made, the

rf voltage distribution on the dees was measured, and the effect of ion source

position on beam energy wa.s iuvestigated.

Locati~ the C!nter of Rotat1op.. AppareD.tly the center of beam rotat1.on

was aisplaced from the magnetic center in such a way as to reduce the actual

radius. Since grazing incidence targets are designed to operate at rather small

angles, IV 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 a "burnout" target.

Seven lead foils, 00002 11
, were attached at widely spaced intervals to a long

target base and placed across the beam path. 1~e foils melted cleanly, permit~

ting the beam to be measured accurately. From this data the center of rotation

appear-ed to be 1.5 i1l below and 2.599--,south of the magnetic center. Beam energy

calculated from this center agreed with the energy as measured fI"om target

activation.

Harmonic Analysis of the Magne~c Field. Since the first harmonic in the

magnetic field can cause precession of orbit centers a harmonic aualysis of

thE! magnetic field measurements was made, see Appendix B. Where the field is

expressed aa~

H "" Hav(J. + A sin @ + B cos 9)

the coefficients A and B can be determined; Figure 35. Calculations based

upon this analysis indicate tha.t no a,ppreciable orbital precession can result.
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SF. Voltl3;§e Distribution on the Dees , The distribution of rf voltage on

the dees was measured on the full scale electrical model, Figure 40, which had

been used in the original design Ivork. The measured and cl'11culated voltage

distributions were then compared, Figure 36. The measured values fall 'within

the experimental errors for the calculated values except for the lower fourth

of the dees. The voltage distribution was not changed significantly by shifting

the trimmers full range arld the distri.bution was esse:nti.ally unchanged when the

dees were "Loaded" ";'lith a 100,000 ohm. resistor. When the effect of the distri<>

bution was analyzed it was not found possible to account for the measured

eccentricity of the beam orbits.

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

accelerating slit positions were raised 1.5 fl
, to a point 1" 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 measur-ed on targets

at a radius of 30.5'? agree .'lith H~ calculations. Preliminary tests 'i.ndicate,

however1 that the center of rotat ion is still!..75" sou.th of the magnetic center.

Presence of Large Circulatipg Currents

Measurement of maximum 'beam power has been handicapped. by the limited

thermal capacity of targets ~ If .. ion souree and dee--bc-dee potenttals are

repea~edly adjusted for increased beam current the targets overheat and fail

before the limit of output is reached.. When the cyclotron is adjusted to

off-resonance conditions the beam is lost to the W'aJ.ls of the dees instead

of stri.king the targets.. The ion output as measured by the current in the

dee bias circuit can then be greatly increased. The dee bias current is

corrected for leakage and the results obtained are believed accurate to better

than l~.,
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As a measure of' available circulating currents, a 500 J..1a beam was

obtained with the dee-to-dee potential at 320 kv and the dee bias 1 kv;

the magnetic field was 1i1e.tl raised slightly off-resonance and the ion output

was maximized by readjusting the ion source conditions. The average energy

of the ions for both cases was estimated from oscillator loading corrected

for efficiency, see pages 26-27.

Dee Bias Dee Bias Ion Loading Ion Loading Avg. Ion
Drain Leakage Current Power Energy

Conditions ,.J~~) (ma) (ma) (kw ) (Mev)

500 Ila beam,
18.6 8.6on resonance 10.0 17.0 1.7

4 Ila beam..
above resonance 59.9 8.6 50.h 37 .)~ 0.7)-1-

With the beam on, resonance and the cyclotron operating with 500 Ila on

the target, the above experiment shOWs that 10 ma of beam is circulating for

the first few revolutions with an average energy of 1.7 Mev. With the lIof f -

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 much larger beams may be obtained at the £ull energy as the cyclotron

technology improves.
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APPENDIX A: COST ANALYSIS

The following figures are for construction a.nd preliminary testing of

the cyclotron components. The cost of equipment which existed in the building

is not included" but costs of modifying this equipment are included.

1. Building }.{odificatio~

Preparation of' cyclotron site
including offices" laboratories,
and service area

2. ~et

a. Magnet yoke
b. Coil supports

*c. Moving c011s from a Beta magnet
and replacing them with support
structures

d. Ma.gnet wiring
e. Magnetic shims
f. Field m.easuring equipment

Cost-

46, 49)j.. 40
5,876.95

3,735.58
1,080.68
5,751.78
7,000.00

Total Cost-_. -

3. Power Equipment

Preparation of existing motor-generator
set and associated power equipmentj
reinstallation of building transformer,
switch gear and control wiring 11,940.28 11,940.28

4. Vacuum System (Installed)

a. Vacuum tank 21,664.01
b. Vacuumma.n1fo1d 8,395.31
c. 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 ~etj no revisions were necessary ..
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6. Osci~latc:rPm.,rer ~upply

Revisions of 20 calutron supplies,
associated sWitchgear and transformers
to give a 600 1m de power supply

Construction and wiring

8. utilities

water, lights, magnet oil, heat, and
necessary revisions to existing p1xmphouse

Oscillator
.... -'

Including plate and filament
transmission lines

10. Resonant System

a. Dees
b.. Liner
c.. Spider .
d. Trimming capacitors
e. Miscellaneou,."l

11. Shieldil'lg

a. 80mh wall
b. Other walls
c. Roof blocks

12. Ion Source

Including power supplies and
hydrogen system

13 • ~l'arget

14. Handling Equipment, and platforms

15.. Radiation Instruments

Cost

11,218.63

45,068.80

40,429.64

30, 073.11
14,767.11

2,507.63
5,376•19
2,000.00

17,315.19
67,275.00
32,153.00

9,500.00

3,565.92

14,423.85

8,000 .. 00

113

Total. Cost

45,068.80

54,724.04

9,500.00

3,565.92

14,423.85

8,000.00

$496,283:24
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APPENDIX B: MAGNETIC FIELD MEAS~lENTS

When the magnetic shims were being shaped to provide the desired field

configuration, extensive measurements were required for the en.tire field

after each shim correction. Semi~automatlc equipment, developed to facilitate

magnet field plotting, greatly reduced the time required. A search coil arm

capable of moving the search coil to any portion of' the tank was mounted from

one of' the poles. The motor, 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 11 per second, are shown. in Figure 37. ToNO 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 coil position.

2
A flip coil with an effective area, of 111~.9 em and rotated 180 degrees,

6
a Hibbert Standard having 1.920 x 10 line turns, and a ballist:i.c galvanometer

with a period of 26 seconds were used in taking 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 is energized. Rotational

speed of the arm is reduced about 5Cf1" however, by motor loading arising from

eddy currents in the gears and drive shaft. Most of the data was taken from

circular runs; the rad:i.al 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 radial 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 adjustment of

the fluxmeter. The fluxmeter is 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 17,455 cm2 and a resistance of

2400 obms. For two of these coils the maximum sensitiVity is about O.l~ per

small 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 field

measurements in a few hours. The close agreement of measurements 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 about O.~ 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 O.~ can be obtained by careful testing and grind.

lng, this has not been done because there is no apparent justification for

interrupting present cyclotron operation.
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APPENDIX C: DESIGN OF THE RADIO-F~UENCY SYSTEM

In designing the radio-frequency system emphasis was placed on the

primary requirement of obtaining large proton beam currents at the desired

energy. This implies the need for very high accelerating voltages between

dees 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 radio-frequency system are: the

resonant dee system which is 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 biased 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

oscillator was designed and constructed for two-tube operation; only one tube

has been used, however, see Figures 14 and 39.
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~~e Resan.ant Dee Syste~

The desired. maximum dee-to-dee potential or 500 kv is produced. most

efftciently by means of resonant systems with distributed circuit constants.

The frequency of oscillation must satisfy the resonance requirements of the

protons; ill this case l3.~l megacycles per second" The cons'tant.s of t.he r-eao-

ne,nt transmission line terminat:i.r"g witr, the dees must be c3Jcu1a.t,~d to obtain

this frequency.. A balanced q'i.:"a.r'l.:;er-wave i;ransmissiol1 line consisting of the

two cylini~rical dee stems enclosed. in a single oval shield; which 113 an integral

arrangement pro'"....ides :for lower resistance and more near-Ly uniform Gu..rrent

den.sities thC1i.1. is obtained wi:th recta..'lgular stX'Uctures. A line of this con-

stl"'ltct::l.on possesses 10 to 129b Lover resJ.st&"1ce than a bnLanced line with

circular sh:Lelds and equal cross-sectional area. The rf attenuation for the

t!.'atlsmiss:LoD, line m:ust be small tn order to obtuin the high Q required. for

the high dee voltage. \~ere d is the distauce between centers of aBe stems;

a the radius of the stems and s the r-adLns of' the :flattened oval of '!;};(" shield,

'!Ii'the condit:tO:rl.S i'o;!:' m:1..11ir1Um attenua'l;iOll are:'

d/(2s + d) = 0.46. ,

sja ~ 3.7

The practical cross-section d:l.menslons used i.'n. GOI:wt:rucM.on ,3,re:

d _. 3.27 ft~

a. ~,~ 0.5 L "S - 1.85 f't

*(;"";een; B. I,,; L<?t·be, F. A., and. C"L~is, n, E., "T'll.e PXOItrxr'i:l:5-oning of:
Shiel.ded Circuits for Minimum Rig,."1-Frequeney Atteuu.fl,tion, 'iBell ~-stem

!':.?}~;~;;:~ l2..~.a~: Vol 15, Ap:dl, 1936, pages 248-283.
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The length of the line (dee stems) is determin.ed 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 adequate clearance for

a maximum beam radius of 33 inches the d.ees were made 35 inches in diameter ..

other dee dimensions depended upon available vacuum tank space, electric gap

requirements, mechanical strength of structures, and acceptable electrosta.tic

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

Radius of dees
Thickness of dees
Distance between dees
Distance from plane surface of dees to ground
Distance from peripheral. surface to ground.

35 inches
8 inches
4 inches
4 inches
7 inches

A first approxitnation of the dee capacitance is obtained. from

where K 1s a constant allowing for fringing effects, F is the surf'ace being

considered and ~ the distance to ground. The value thus obtained for one dee

is approximately 260 ~~f, including allowances for probes, etc. To this fig-

ure must be added twice the dee-to-d.ee capacftaJlce.. From a field plot this

was estimated to be 30 J..I.J..I.f, so that CD :: 320!J!lf. Since the dees have large

proportions and represent a considerable length, compared with t,he wave length

of the oscillations1 they behave like a transmission line. The figure en must

therefore be modified to allow for this characteristic. The Ifeffeci~ivet'

capacitance of this dee-line is given by:

CeD :: (.1:...)23ff

where ZOD
A

~D

:: characteristic impend.ance

= wave length
= diameter of dee

of one dee
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It can be shown that the geometric capacitance is equal to:

C in
gD :: Zoo v

where v is the velocity of wave propagation. The value of' Cgn is previously

estima.ted.. Thus an estimate of' the magnitude of CeD may be obtained from the

ratio:

1.,10

This means the effective capacitance is approximately 10% larger than the

geometric capacitance. Thus CeD = 1.10 x 320 :: 352 ~~f, or, reducea. to

dee..to-dee geometry, Cen == 176 IJ.lJf.

The length of the balanced transmission line for resonance with CaD may

now be determined from:

shielded line

1
2](fCeD

Zo = characteristic impedance of

where Zc = "!!""'~-

~ =~ radians per unit length

1.. = length of balanced line

The value for Zo of the balanced shielded line was estimated at about, 145 ohms

by assuming a rectallgu1ar shield and making allowances for the rounded corners ..

The formula for the rectangular shield is available i.n handbooks. 'rhen:

and the length, .i 1 is approximately 156 em or 5.. 2 ft.
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The Oscillator

The nature of the cyclotron load. imposes severe operation conditions

upon the oscillator. Of the two oscillator systems commonly in use, the

self-excited oscillator and the master-oscillator-power~amplifiertype, the

former was selected. Both have certain advantages and the choice is one of

simplicity versus complexity of equipment and circuits. Experience has shoiv.n

that the grounded-grid. type of oscillator is well adapted. for cyclotron work.

Its circuit is extremely simple, apparently free of undesi~able parasitic

oscillations, and does not require neutralizing capacitors. In spite of its

load. d.ependence, it performs stably with proper design and adjustment.

Irhe characteristics of the oscillator must be of such magnitude as to

permit the desired push-pull mode of oscillation for maxim:um dee-to-dee volt-

age '~rith best efficiency and stability. The conditions for oscillation are:

1.. Voltage from cathode to groun.d and plate to ground. must be in phase ,

2.. The feed-back voltage must be of' sufficient magnitud.e to provide the
required. energy for maintaining oscillation at the desired dee fre
quency.

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. Characteristics o:f the Federal 134 oscillator tube u~ed

are tabulated below:

Characteristic

DC plate voltage
DC grid voltage
DC plate current
DC grid current
Plate input
Plate dissipation
Power output
Plate-to-ground,

rf peak voltage

Maximum Rati§

20,000 volts
-4,000 volts

20 amperes
2.0 amperes
400 ki1owa,tts
150 kilowatts

9)2eration Data

18,000 volts
~2,000 volts

14.5 amperes
1.04 amperes

260 kilowatts
60 kilOwatts

200 kilowatts

15,,700 volts



Coupling I:ines

Conditions for the required phase shift in the system ar-e best assured.

through the use of' half-wave resonant t.r.ansmission. lines for both the plate

ana filamer"t (feed back). The gener-al, equipment LocatLon determ.ines to some

extent the physical length of the lines. 1.1'11e plate Line is directly connected

to one dee stem and the filalnent line to the other stem through a coup'l.Ing loop.

The .Plate Line. The plate line is a 3 3/4u copper t'llbe enclosed in a

shield. 1211 square. Hi th the approxima.te physIca'L length determined by equip-

ment location, the prob.Lem remains to fix the line termination so that the

voltages gt each end of the l:l.ne correspond to plate rf peak volts-e;e, Es' a..nd

the required load voltage, Er 1 respectively. ~~e line terminations and volt-

age distribution on the half-wave resonant line are shown be.Lov ,

Tube
End

J---,...
Es

1

"I-.!ith resonant conditions, and no losses .. 1 1 and 12 can he obtained frow:

Zl
1 tan t311.;:

2n:fCl
- 20

Z2
1.

loa tan /3t 2= 2n:f CZ =
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The end effect C2 is estimated at 13.3 ~~f. The resistive load imposed. by

the dee system is neglected. since the slight detuning effect ~rlll be compen-

sated by the variable part of the terminating capacitor Cl" 'l'his capacitor

includes a variable section as well as all other plate-to-grou-Tld capacitance

present, the latter bel.ng approximately 450 ~!J.f. The charac'tez-Lat.t.c imped-

ance, Zo = 70 ohms, 1s chosen to give smallest possible losses and to permit

a value of Cl so that the line may be readil;;' buned within a desired frequency

r ange , 'l'he length 1 2 is then evaluated at 17.44 feet, a.nrll. 2 is computed

front the relationship of voltage distribution on the li.ne, i-rhich can be shown

to be:
Z

sin arctan ..l.
Zo---- -
Z2

sin arctan z
o

where' A is the voltage amplification factor and f3 = 2'Jt1 A radians per unit

length. From the two equations for J. 1 and. .R 2 an evaluation of C1 is obtained:

tan f3 L 2Cl ::: C2 ~. 7r~
tan f3 ll.-l

The numerica.l values for the model plate line, so determined for resonant

condition at 13..4 megacycles are tabulated below:

Cl line termination capacitance, tube end

C2 line termination capa.citance, load end

}..l at 18.21Q

1.2 at 85.5°

.t at 103,,7°

Es sending voltage

Er receiving voltage

Amplification factor

S15 !J~:f

13.3 flf.l.f

3.71 feet

1'7.44 feet

21.15 feet

15,700 volts

50,000 volts

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 limitat-tons,

the rf' current is kept. low, and consequently the power losses and, coo'l.Lng

water requirements are minimized.

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

length and terminations of the filament line. The line is 2 l/Z" copper

tubing, with a shield six inches square. The schematic circuit with voltage

distribution is shown below:

b

I
I
I
1

I -,-
1 Es

..1.... ~.£l-- ..... l
L2 represents the inductance of one filament choke coil, and R the resistance

to the driving ouzrent , C2 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 equivalent
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For all practical purposes Re can be neglected. Then the effective termination

is t~at of a pure capacitance, and since its value is very nearly that of

(C2 + C3) in series, we may assume the voltage Er to be approximately twice

the required driving voltage, E t == 3040 volts peak. The error introduced in
r

computing the length of the line by this simplification is very small, within

design limitations. Again for resonance condition, with XCI:::: XLI' values are

obtained for (3 ~ == 90° and (3.12 :::: arctan 1 21{fCeZo == --,48°. The 2 0 value of'

52 ohms is chosen for reasons similar to those stated for the plate line. The

required voltage at the coupling loop is given by Es == Er/sin I3l2 ::: "",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:

Cl phase correcting capacitance

C2 coupling capacitance

C3 filament-to-ground capacitance

C4 capacitance of a filament choke by-pass

Cs stray capacitance

Ce effective capacitance at tube end

R resistance to driving current

Ll inductance of coupling loop

L2 inductance of a filament choke

20 characteristic impedance

.ll at 90°

J.z. at 48°

t at 138 0

Es sending voltage, peak

E'r driving voltage, peak

Er receiving voltage, peak

Amplification f'actor

variable

300 1lJJi'

300 Mllf

J-I-OO Il~

50 1lJJi'

147 1lJJi'

625 ohms

variable

21 J.1h

52 ohms

18.55 feet

9.9 feet

28.25 feet

8200 volts

3020 volts

6080 volts

0.74
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The phase relationship of the overall system can be checked best by a

vector diagram. As previously mentioned, this shift must be close to 360°.

For a loss-less line the voltage and current at any point of the line may be

expressed as the vector sum of inciclent and reflected waves. From the termi-

nation values, length of lines, and standing 1'1aVe ratios, the vector diagrams

for the two lines are determined. For this particular case the total shift

so 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, spiders, and transmission lines was constructed of wood

covered with thin copper sheet SO as to simulate the electrical characteristics

of the real machine. rrhe model with liner side removed is shown in Figure 40.
"

Due to time 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 me/sec required a line length of 99 inches from spider to.:

the horizontal center line of the dees , A change of one inch in spider position

is equivalent to a change in frequency of NO.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; and the anti:'-resonant frequen.cy which is ·the Ln-phase or

push-push mode of oscillation. It is desirable to have a frequency spread.

between these two modes of at least 0.4 me/sec to make 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 w'as set at 13.4 by adjusting the spid.er the system would not oscil-

late in the push-push mode unless the dees were deliberately shorted together.
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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
Length range
Initial length
outer conductor
Inner conductor
Cooling (water)
Zo

Filament Line

Length range
Initial length
outer conductor
Inner conductor
Cooling
Zo

11.8 to 14.8 me/sec
15 ft, 5 in to 21 ft 6 in
21 ft, 1 in (for 13.4 mc/sec)
12 in sq copper duct
3 3/4 in an copper pipe
9 gpm
70 ohms

24 ft , 6 in to 32 ft, 6 in
28 It, 3 1/2 in (for 13.4 me/sec)
6 in sq copper pipe

2 1/2 in OD copper pipe
Forced air
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 given by the relationship:

Pl = P2 ~~)2

A voltage (E2) of 80 kv was obtained for a power input (P2) of 3.2!tw. Then,

with an oscillator efficiency of 5Q1" a power input (Pl) of 125 kw would give

a voltage (El) of 500 kv. This figure of 125 ltv required to excite the dees

to 500 kv compares favorably with the calculated value of 150 !tw.
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APPENDIX D: PROTON ENERGY MEASUR.EMENTS

The energy of the internal proton beam has been measured by three

different methods: 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.

Foil Activation

Stacks of' foils are exposed to the beam in a special t,arget m.ounting,

Figure 27, so that the depth of activity can be traced for a particular reac

tion. The best results by this method have been obtained with copper foils.

The reactions used were eu 63(p,n)Zn 63 and eu 63(p,2n)zn 62 having extrapo

lated activation thresholds of 4.3 and l4~5 Mev respectively. This method

is illustrated in Figure 1-1-1. Some work has also been done with carbon foils;

activation was traced as a function of depth for the reaction C l2(p,pn)C 11,

which has an extrapolated threshold of 18.7 Mev. Unfortunately this threshold

was so close to the beam energy as to 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

energies 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 exhib:1.ts 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 corrected for effects such as variation

in beam intensity. To determine the energy, theoretical curves are obtained

for various energies until the "best fit" is obtained with the corrected 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

orbits at the radius of the target. This type of target was used for deter-

mining the center of beam rotation, page 106. The curvature of the burnout

pattern produced by the circulating beam and the known magnetic field :tnten~

6ity may be combined with the ratio elm for the proton to give a maximum value

of the energy. 'rhe accuracy of the measurenerrte 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.

~ured Energy

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

late in 1951. The energies with estimated accuracies were:

Copper Foil Method
Photo-Plate Method
From Beam Curvature

19.2 ± 0.3 Mev
19.0 ± 0.5 Mev (Width 0.2 Mev)
19.2 Mev

From the radius and elm 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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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&

Statipnary AC-Operated Instruments

Neutron Detection& A neutron proportional counter has been designed and

constructed which consists of a paraffin-encased enriched boron-trifluoride

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 is just olltside the main

entrance to the pit. A rate meter gives an immediate indication of the neutron

flux density and activates an alarm at any predetermined level. When more

accurate determination is necessary the scaler may be used. The instrument is

adjusted to operate in the proportional region of the counter tube at a posi-

tion where only neutrons are counted, independent of gamm.a radiation. The

calibration chart is based on data obtained with a polonium=beryllium neutron

source.

A neutron monitor has been designed and constructed to make a continuous

record of the neutron flux density at the cyclotron. This instrl~ent consists

of a paraffin-encased boron-lined ionization chamber, pre-amplifier, and a

Brown recording potentiometer. The chamber is of aluminum, 3 3/8" in diameter,

10 3/4" long, and surrounded by an aluminum shield. The center electrode is

insulated from the chamber with Fluorothene. A metal box containing the pr-e-

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 on it. It is essential that all components in the pre

amplifier have very little leakage. Special low leakage (Fast) polystyrene

condensers were used. A cathode follower pre-~lifier 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 potentiometer is used to amplify the small 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/cm2-second. The chambers are also sensitive to

gamma 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. One of the

ionization chambers is located outside the shielding wall of the cyclotron with

its associated instrument on a rack at the utilities panel~ The other chamber

is in the cyclotron pit with its associated instrument at the remote control

station. '!'his instrument has been used to help 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.



ThE~ speed of response of these instruments is 2 1/2 seconds from zero to full

scale deflection.

A long counter neutron detector~ having approximately uniform sensitivity

fr()~ a few kev to a few Mev neutron energy has been constructed and installed

at the cyclotron. The long" enriched, boron-trifluoride proportional chamber

is surrounded by a paraffin cylinder 10 1/2 1
' long and 8" in diameter. This

cylinder is shielded except on one end, by a boron shield and another paraffin

cylinder so as to make it directional and less sensitive to neutrons which have

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 entrance to the maze. A negative potential, 1800 volts,

iii applied to the outer shell of the counter tube. The center electrode of the

counter tube is connected to the grid of the l~A~l pre-amplifier and the signal

1sfurther amplified with an A~l linear amplifier. The pulses are counted w:i.th

a 1024 scaler. The tube characteristics have been obtained and the instrument

calibrated with a polon1um~beryllium source.

Beta and ~mma J!,etec:tion Instrume~. A gamma monitor has been designed

and constructed for continuously recording the gamma radiation present outside

the shield walls of the cyclotron.' It 1s similar to the neutron monitor de=

scribed previously with the paraffin cylinder and the boron~lined chamber being

J;'eplaced by an aluminum ioniza.tion chamber. An alarm has been added to this

instrument and may be set to operate at any level of gamma radiation. 'rhere

ar-e two ranges on this instrument with the full scale sensitivity of 15 mr/hr

and 150 mr/hr. Very little zero drift is noted after the instrument has had

-::-----------'----~----* Hanson, A. D., and McKibben, J. J., A Neutron Detect,or Having Uniform
Sensitivity~ 10 kev ~ 1 Mev, MDDC 972. -
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a. 1.5-minute warm-up period. The speed of response is 2 1/2 seconds from zero

to full scale on. both ranges.

An O&"fi. Model 1010 gamma Monttron has been installed a.t the entrance to

the pit to indica.te the level of' gamma radiation to the personnel entering

this area. This 1nsrtrllmen't is a rate meter with 'two ranges and a warning

light indicating excessive radiation levels.

A gamma detector using a thin wall GM tube in a. probe is located in the

cyclo'tron pit. The inst,rument has been placed, in the weakest part of the ma.g~

ne'Uc field to minimize the effect on the meter.. The probe is at;t8.ched to

approximately 40 feet of cable so that gamma radiation may be measured. in areas

ad,jacent to the cyclotron where there is a strong magnetic field. '!'here are

two ranges on this instrument with a full scaf.e sensitivity of 15 mr/lrr and

150 mr/hr.

Portable Survey Meters

Neutron Detec!:.ion.. A fission-chamber neutron d,etector is used, in making

a survey of neutron i.ntensity at various locations outside the shield walls.

This instrument consists of an enriched-u:rauit..ml...li~ed prop.:'lrtional chamber; a.

two-tube amplifier wi.th discriminator, and a multi-vibrator whicih f'eeds a count

rate meter. There are three ranges on this instr'.rment with ful1=range responses

from. 10 n/cm2~sec to 10,000 n/cm2~sec. The rate meter has a long time constant

which makes it necessary to 'Wait a few minutes before taking a reading. The

instrument is not sensitive to beta or gamma radiation.. It is calibrated with

a polonium·..beryllium neutron source.

~eta and Gamma. Detection.. Three cOOJm£!rcially built bE;ta..,gamma survey

l.nst"rum.ents :l.nclude the Precision Radiation Instruments; Model, No. 101; the

Victm'een Instrument Company, Mod,el 263; and, the Nuclear Instrument and



Chemical. Corporation, Model 2610. These light weight instruments each consists

of a count-rate meter with a thin wall glass GM tube mounted, in a probe. A

metal shield on the probe is provided to differentiate between beta and gamma

r8,.(Uation.. Intensities of 0 to 20 mr/hr may be measured over the three ranges.

A Sylvania Electric Products, Model RB3l6 (Cutie Pie) portable survey

meter is used to measure the activity of the targets after they have been xe

moved from the cyclotron.. It is a beta-gamma. discriminating air ionization

rate meter.. The cha:mber1 which is 3 inches in diameter and 6 inches long, is

made of a paper base material coated with Aqu.a.d,ag. 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.. Radiation 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 response up to 5,000 mr/hr. It may be

set at zero in the presence of radiation.

A General Electric long-probe scintillation ganuna survey meter has been

obtained to measure the radiation on various targets.. With the light weight

6-foot probe, the operator can remain behind protective shields while measur u

iog radiation from the targets. It responds to gamma rad.iation up to 3,000 R/b:r:

over five ranges. The instrument consists of a fluorescent screen, photo·'

multiplier tube, a relaxation oscillator, high voltage supply1 and a counf

rate meter. The instrument may be zeroed, in a. radiation field e
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APPENDIX F: LIST OF DRAWINGS FOR THE 86-INCH CYCLOTRON

Pit, Building utilities, Magnet Yoke and Coils

BSK-13613a

CSK-13818
CSK-139)-l-6
C2e-14222
C2e-14228
C2e-1421~8

D2e-14728
D2e-14752
D2e-14808
D2e-14892
DSK-13635
DSK-13642a
DSK-13690
DSK-13785
DSK-13867
DSK-13896
DSK~14123

DSK-17296

E2e-12879
E2e-12880
E2e-12881
E2e-12900
E2e-12901
E2e-12923
E2e-13086
E2e-15322
ESK-13147a
ESK-13148b
ESK-13749b
ESK-13932
ESK..13933
ESK-13935
ESK-13947
ESK-14124
ESK-14125
ESK"'14203
ESK-13964

Yoke Tie-Bar

Cyclotron Coil Lea4s Enclosure
Operating Floor .. GR 921.02 Section and Details
Magnet Yoke Lamination Shackles
Pipe Floor Opening, Bldg. 9201-2
Floor Support Column

Foundation and Anchorage Details, Bldg. 9201-2
Coil and Tank Support structure, Bldg. 9201-2
Exhaust Floor Openings
East Maze Excavation Plan
Yoke Details
Yoke Assembly
Oil System
Installation of Coil Braces
Vacuum Manifold Support Columns
Manifold Support Installation
North Maze .. Steel Details
Oscillator Platform Addition

Shield Walls - Foundation Plan, Bldg. 9201-2
Shield Walls .. Sect's and Det's S. 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 Details
East Ma.ze Supports, Bldg. 9201-2
Alignment Dock Doors
Cyclotron Layout View from West End of Pit
Plan View of H-C Cyclotron
Horizontal Section Through Cyclotron showing major piping
C02 System Piping
08c1.1lato1' Platform GR 929-0, Sect f s and Det' s
Oscillator Cabinet support Stand
Cyclotron Operating Floor GR 921.02
North Maze Sections
North Maze .. Plan View
Fire Door Installation
Cooling Oil System (Reference Dwg.)
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Cyclotron Manifold, Tank, Pole Pieces, Tank Extensj.,on..z and Shims

BSK-l3697
BSK-l3795

CSK-13757
CSK-14488

D4b..12921
DSK-13896
DSK~13902

ESK-1369&
F.SK-13705a
ESK-1371l~a

ESK-13729a
ESK-13800
ESK-1380l
ESK-13966
ESK-13986a
ESK...14772

FSK-13798c
FSK..13990
FSK-l414l

Cyclotron Liner

CSK-14032

DSK...13811a
DSK-13812a
DSK-138l9
DSK-14055
DSK-13868

ESK-l38l0b

Pole Piece
Tank studs

support structure
Distances Between Pole Pieces

714 Trap Assembly
Vacu.um Manifold and Support Installation
Tank Extension End Face Plate

Tank
Contour Shim P~ate

Vacuum. Header
Vacuum Manifold
Tank Extension Side Face Plate
Tank Extension Top Face Plate
Tank Extension Water Connections
Contour Shim Blank
6" Tank E>..-tension

Tank Extension
West Shim Contour Plan
East Shim. Contour Flan

Liner Water Flange

Liner Water Tubing
Liner Flange Detail
Trimming Capacitor Bearing Plate and Side Cover for Liner
Redesign of Liner Water TUbing
Liner Guides and 0:P,ening for Target and Source

Liner (See ESK...17078)

T.~ansmission Lines: Filament Loop Assembly and Spider

CSK-13936
CSK-13961
CSK-13959
CSK-13963
CSK-13976
CSK-13977
CSK-14231
CSK-l4753
CSK-14752
CSK-I1Q78
CSK-14779

Filament Line outer Transmission Line
Filament Line Clamp
Filament Loop Bushing
Loop Detail
Plateline Connection
Plateline Termination
Inner Plateline Connections
Reworked Plateline Connections
Revised Plateline ClSmp
Water Header Hose Fitting Flange
Water Header Hose Fitting Nipple
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Transmission Lines: Filament Loop Assembly; and Spider (Cont.)

D4b-10970
DSK-1386la
DSK-13927
DSK-13928
DSK..13953
DSK-13970
DSK-13965
OOK-13987
DSK-14707

ESK..13860b
ESK-1395l
ESK-13952
ESK-13955
ESK..13956
ESK-l3957
ESK~13960

M- 2-M Bushing
Spider Water Tubing
Plateline outer Transmission Line
Plateline Cover Box
Inner Plateline .. Connections
Plateline ~ Assembly
Plateline Collar Clamp
Filament Line
Spider Condenser Ground Plate

Spider
Filament Line Face Plate
Filament Line Cover Box
Pla:teline Face Plate
Filament Line Connector
Filament Loop Capacitor Holder and Clamp
Filament Loop Details

C~~lotron Trimmers and Faceplate Assembly

A4b-16698
CSK-17206
C4b..11988
C4b-13124
CSK-17207
D8b-14575
DSK-13819
DSK..13929

ESK..13860
ESK-13884
ESK-13885
ESK-13886

1/211 Wilson Seal Body
Philips Gauge Base Plate
Philips Gauge Assembly
Tank Window Flange and Pumpout Tube
Philips Gauge Shield
14. Tank Window Assembly
Trimming Capacitor Bearing Plate and Side Cover for Liner
P. I" G. Housing

stationary Trimming Capacitor
Ad,justable Trimming Capacitor
Faceplate
Shaft· and. Plate

New Source Assembq

ASK-14323
ASK-14324
ASK-14325
ASK-14326
ASK-14327
ASK-14328
ASK-14329
ASK...14369
ASK-14370

CSK-1431l
OSK-14372
CSK....14373
CSK-14374

Vacuum Lock ~ Door Control Arm
Vacuum Lock .. Door - Mech. Bearing Block
Vacuum Lock .. Wilson Seal. Body
VaclJUIll Lock .. Sw1ve,l Joint
Vacuum Lock - Door Mech.. Bell Crank
Vacuum Lock Push Rod
Vacuum Lock ~ Door Pivot Pin
Vacuum Lock DoQr
Vacul~ Lock Door Lug

stanchion Socket
Vacuum Lock Cover
Rework Top Plate
Stanchion for Source Tube



New Source Assembly (Cont.)

142

DSK-l71l3

ESK-14330
ESlC-l4375a
ESK-14376

Source Grounding Contacts

Vacuum Lock Chamber
Source Details
Vacuum Lock Seal Details

Cyclotron: TaIlk. Gri{\, Slstem and Dee Bias

CSK-l4780
CSK-14816

DSK-14733

Dee :Bias InsuJ.ators
Dee SUl?port Plate InsuJ.ated Positioning Assembly

Insulated. Dees Standoff Insulator Fittings

New Target Dolly and Vacuum Loc,!!:

BSK-14967

CSK··149TT
CSK-14976

DSK-14907a
DSK-14912
DSK-1491Ga.
DSK-14924
DSK-14926
DSK-l4938
DSK-l4954
DSK-l4974

Vacuum Lock #2 Wheels and Screws

Vacuum Lock #2 Conversion Wedge
Vac'lIUlU Lock #2 Conversion Tank Support Blocks

Vacuum Lock Face Plate #2
Vacuum Lock #2 Cylind,er Ba.se and, Support
Vacuum. Lock #2 Sllla.ll Parts
Vacuum Lock #2 Yoke
Vacuum Air Cylinder and Toggle
Vacuum Lock #2 Door
Vacuum Lock #2 Target Faceplate Guides
Vacuum Lock #2 Stud Strips

ESK-14867a. Sliding Door Vacuum Lock #2

CSK-l4505a
CSK-14767b
CSK-14810
CSK-14053
CSK-l7097

DSK-14445a
DSK-l4446a
DSK-14447a
DSK-14704a
DSK-14721b
DSK-14734d
DSK-14751b
DSK-l4776a
DSK-l4790
DSK-l7094
ESK-I4448b
ESK-14480

Dolly Extension Block
Squirt-Tube Assembly
Quick Change Target Index Pin and Spacer
Dolly Jack Extension
Target Water Quick Change Hose Connection Assembly

Target Dolly Detail
Target Dolly Parts 1 &2
Target Dolly Jacks
Target Locking Device QUick Change
Wilson Seal Details
Bearing and Pulley Details
Shield Tube, Gear1 and Seal.
Support Plate Details
Target Face Plate Rollers
Target Water Quick Change Hose Connection Details
Dolly Base Frame
Target and Dolly



New Dee Assembly

BSK-l4792
BSK-l7259

CSK-l4595
CSK-l4693
CSK-l48l6
CSK-l7l04

DSK-l446lb
DSK-14467b
DSK-l4636a
DSK-14637b
DSK-14795
DSK-14798
DSK-14840

ESK-14456c
ESK-14470b
ESK"14839

FSK-14469c
FSK"'!'14468c

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 Stem Details
Dee 'Water Header Flanges (Insulated Assembly)
Dee water Header Bushing Fittings (Insulated, Assembly)
Carbon Shields

Dee Details
Dee Stem Assembly
Dee Carbon Shields

Dee Wall Details
Dee Assembly

New Target Assembl~

BSK-14359a
BSK-14360
BSK-14547
BSK~14561a

CSK-l436la
CSK-14362a
CSK-14572
CSK-14573a
CSK-14754a
CSK-14755
CSK-14773
CSK-l486l
CSK-14875
CSK-1488l
CSK-14923
CSK-l7183
CSK-l7184

DSK-14363
DSK-14364a
DSK-14365a
DSK-l 4366a

Seal Assembly
Target Pu1ley
outer Shield Water Header
Water Header Support

Target Shield Tube
Wilson Seal Details
Stationary Target Tube Assembly
Stationary Target
Target Head A5
Head Adaptor A5 Clamping Frame
Head Adaptor A5 Insertion
Beam. Scanning Target
Grazing Incidence Target
Quick Change Target High Flow Header
Grazing Target Blank
Target Head Physics Progr.am. Plan
Target Base Physics Pro~am Plan

J'Unction BOX Frame
Wilson Seal Debad.Ls
Wilson Seal Details
Tube Assembly and Detail



New Target Assembly (cont .. )

144

DSK-14546
DSK-14547
DSK-14560a
DSK-14702a
DSK-14704a
DSK-14756a
DSK-14877
DSK-14893
DSK-14895
DSK-14896
DSK-14902
DSK-14956

ESK-14542
ESK-14884a

Ou:ter Shield Water Header
Outer Shield Wa.ter Header
Outer Shield Assembly
Target Support Plate
Quick Change Target Locking Device
Head Adaptor A5
Grazing Incidence Target Model A
Energy Target
Beam Scanning Target 112
Beam Scanning Target #2
Grazing Target Model B
High Intensity Target Model B

Target General Assembly
High Intensity Target

M~etic Field Scanning Probe

ASK-1384l

BSK-14l48
BSK-14l49

CSK-13742
CSK-13763
CSK-13765
CSK-13767
CSK-13834
CSK-13837
CSK-14l47

DSK-13762a
DSK-13764a
DSK-13766b
DSK-13767
DSK-13839
DSK-14l29
DSK-14l30

ESK-1374lb
ESK-138zl
ESK-14l3l
ESK-14l32

FSK-13769

Field Scanning Probe Adaptor Stud

Shafts
Indexing Cam...

Hub Assembly
Probe Details
Probe Details
Probe Details
Rework of Hub Stem I
Dummy Tank Bearing Ad.aptor
Drive Shaft

Details of Hub stem I
Details
Details
Details
Drive Support Platform
Shifting Plate
Motor Drive Details

General Assembly
Details
Drive Support Frame
Drive Support Plates

Drive Assembly
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Electrical Circidts and Oscillator Cabinet

1~5

CSK-14187

DSK-13728
D5e-lJ+824

ESl:-l3727
ESK-l3725

Miscellaneous

ESK-14396

CSK-14053
CSK-14054

:./ C Dwg. No.
--- ESK-14395

DSK-l)j.378
DSK-14695
DSK-llj·696
DSK-14700
DSK-14706
DSK-14821

CSK-1477l
DSK-l4638
DSK-14765
ESK-17263
ESK-rr27l
ESK-17272
CSK-l7279
DSK-17273
DSK-l7274

E3f-14355
E3:f'-l43l4

Filament Control Circuit

F-13h Tube Connector
Circuit Breaker Panel for M. G. Set-C

Tube Support Detail
Filament Choke Base and Details

Outline Assembly

G Slit &~d Support Assembly
Details of G Slit and Support

Ma,gnetd.c Contour Lines at the 930 Elevation
Magnetic Contour Lines at the 930 Elevation

Di.ffusion Pump Cooling Baffles
Refrigerated Baffle for Diffusion Pump
Refrigeration System Diffusion Pump Spacer
Refrigeration System Tank Baffle
Schematic Diagram Refrigeration System
Defrost Tray

Radiation Window
Target Hook
Ball Joint
Wall Socket
Window Tan1~

Window Flange
W:i.lldow
Pit Secti0l1
Pit Plan Section

Air Flow Filter
Kinney Pump Exhaust

. -........--.
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