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A .rtE~PORT CJN Tiill T_r-i5?.f.I~~-J~)}~F;, TtiREF~-l).!ll\SJ:~ 

20-INCE CYCIDTHON 

H. HeusiiJ.kveld, H. Jakobsen, L. f!uby and r::. T. '"!right 

Radiation Laboratory, uep.:,rtnent of Physics 
University of California, I:erLeley, Cu.lifornia 

UCEL-1889 nev 

The three-dee, tr,ree-nhasc 20-:i_nch cyclotron ;,ras constructed for the 

purpose of investigating (a) the ,-,tartinr; concLLtions of ions in a three-

dee, t. hree-phase accelerator, and (b) the problem of maintai ni.nc the correct 

p:b.ases~ l::roiTeen the dees. The 20-inclJ c:y-clot-ron has three dees 1-Jhich are 

60° sections placed symmetrically in the tank. The rf syste-m consists of 

a master oscillator and atllDlifier for e<lclJ dee. The phases of the volt.n;,·es 

on the dees are Fla:Lnta'_ned 0.L 120° ':-rith rccoect to each other by a nhase 

control system. nr-Iunting 11 of tl:e 1Jha:::.;e control ::;ystem has been eliminated 

by neubralizinc; the inter-dee cape.ci ty ·v:Lth j_nducti wHy coupled loops on tho 

dee stems. The machine >-ras designed for proton reGc>nance H:i.th a magnetic 

field of 7.1 kilogauss. Steady operai~ion ba~; been maintAined Kith dee volt-

ages of 28 KV and a prot,on beo.r>1 of 6.5 m2. at 1 Hev& Peak operation Fas 8.5 

rna of protons at 1 Hev. The beaF:. HD.s ;.1e:o.surcd both b;,r a cm~rent probe and 

calorimetrically. It is nossible to program theLbeam out to hro complete 

turns by means of slits on the dccs. The ·:'a:Ln in energy per turn is bet-v:reon 

2. 5 and 3 eV 
0

• l-li thout chang~Lnr·; the freq1;ency of the electrical pmmr [3np-

plied to the dees or· clJc-mgi.ng the m.agnetic field, but by changing the phaEJe 

sequence from .ABC to ACB, 6 ma oi' deuterons h?ve been accelerated to a full 

radius of 8-1/2 inches (0.5 Hev) Hith an energy gain per turn of r-s eVO. 
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20 -INCH GYCLOTRJN 

H. Heusinkveld, N •• Jakobson, 1. Euby and u. J.'. •;right 

Iladiation Laborat~;ry, Departmerct of PhJrsics 
University of Colifornia, }!erkcley, California 

Narch 1955 

l. HJTRCJL'C'l'I ON 

The reason for constructinG the thr·ee dee, three nh:=we cyclotron vas 

to obtain information reqc)ired for constructing a cyclotron of the Thomas 

type, in part-icular, ·co investigate the problern.s involved in startine the 

ions and the problem of mai.ntaining the plu."l.se of the three dee voltages 

120° vJ:Lth respect to each other. Although the source and starting geom-

ctr:Les do not scale to a larger Ynachine, t heproblems involved i_n start:~_nr_:: 

t~ne ions ::cere essentiall,y the sar·:e. 

The 20-inch cyclotron iiD.s constructed. using th r1-2.r·;net ava·i_lablc 

fro;n the injector cyclotr,:m of the one-quarter scale r~··odel bevatron. 

This magnet has a ncn type yolce, vJith 20-inch pole faces. The cyclotron 

Has desig;necl ui th three sy11u11etrical 60° does supported froH foreshortened 

quarter-Have r:;tems. The dees 1-.:ere to be operated three-phase, senarated 

120 electrical dei'~rces. 'l'he rf syster; consists of a crystal controlled 

oscillator, frequency doubler, :Jh~'.f-iC cenerator, buf:fcrs, dr'_vers and 

final amplifiers. '.2he rf ~'ystem Fa:-:1 i.:.o supply 37 k'>l of ll r,;('_js rf pom:r, 

The purpose of the present report :!.s to r::ake available informnt.ion 

obtained 1-rith this 20-:Lnch cyclotron. :::lection II of this report descr:Lbes 

the constructional details of ':be nachine at the end of the operating period, 
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incorporating all iro.provemente made i:n. the coll.!'se of operationo The sectio.n 

is essentially a dHscription of the machinei,. giving de:tail~ of the magnetll 

tank? pumping systems, dees~ rf system, phase control system, ion source~ 

and beam measurement apparatuso Section III deals with the development 

and operation of the 20-irich9 and is a condensed log of operationso Se~· 
) 

t.ion IV summarizes the information obtained with the 20=inc:h 9.£includi:ug 

starting conditions, phase control 9 and m.ultiple modes of accelerationo 

The 20=inch cyclotron is a part of the project devoted to. the development 

of a Thomas type cyclotrono The over all projec·t .is w1der the supervision 

of Professor Ro Lo Thorntono 

IIo CONSTRUCTIONAL DETAILS 

~o The magnet was constructed with a "C" type yoke of laminated 

mild steel· fillet weldedo The weight of' the yoke is (:p,J/4 tonso The pol~> 

face is 20 inches in diameter with a 5=1/8 inch minimum gapo The yoke is 

vertical and the gap horizontalo The coils were designed to give a ni.aximlli!.l 

field of 8 kilogauss for 105 ampere turnso The pole tips are removable and 

part of the tank of the machineo· The pole tips were shimmed to p:t,i1\'id:e< mag= 

netic .focq~lng out to &..1/2 incheso F:lgUre 1 shows the pole tip sL "lr'' , 

Coils and Cooling SZ§.tem. o The coils are placed symnetri0ally 15 iticht:os 

above and below the center of the gapo Each coil comprises 7 layers of 

57 turns each of 1/8 inch x 1 inch copper strap separated by Oo014 inch 

insula ticno The total length of' copper winding is 6700 f't/collo The l.re:.ight:.· 

of each co:U and pole tip is· approximately 2 tonso The current density 

for maximum field (105 ampere ttirns) ia 10J amp/cm2 for the copper· windingo 

Eight kilowatts of power at 125 ampo and 64 volts are required for the 

... 
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magr:~to Cooling of the coils is proYided by a s::Llent van€. blowero An 

airvane interlock p!'eventz; the gsne.rato::-- from being energized unl-ess sui'~ 

ficient airflo·w is present to cool the coilfJo .h additio:n .. Q the coils ax-e 

protl:lct·ed from overheating by a thermocouple in the coils. which shuts off 

the motor generator set if the 'temperatura of the coils ex0eeds 90<0 Co 

Current. Gen8rator and Control@_o The necessary 8 l<:w of power for the 

magnet coils is suppl.ied by a 90 kw generator located in a separate buildc"' 

ing some distance from the magneto The control c.ircui t c~ompri.sea a Brown. 

~~onverter which compares the magnet current with a regulated sta.ndardo 

The converter chops up the comparison voltages into 60 cycle and provides 

a correction signal if the magnet current wander~ from the correct valueo 

The regulator should be constant to with.in Oo2 percento In use~ this a~~ 

curacy was not obtained (~Oo8 percent) and was attributed to the long U.r!.SS 

between the control circuit and the generatoro 

Resultant Field.o The resultan·t field· was .measured with a flip coil. and 

its variation with radius is illustrated in Figo 2o The azim.ut.hal variat:iiO>n 

was small enough to be neglectedo 

Tank and PumEi~gs~e~ 

Tank Construc:tiono The tank is flat with hexagonal top and bottomo . 
Figure lJs a diagram of the tanka It is 10 inches high and 1&1/2 inches 

along a faceo The sides of the tank are constructed of 2/3 inch thi~k mild 

steelo The top 'lnd bottom of the tank are 2=1/2 inch t.hi.ck and :serve as pole 

tips for the magneto One side of the hexagonal chamber is parallel to the' 

vertical section of .the magnet yokeo This side is used for beWll=mea.suring 

probeso Three of the other sides join onto the dee stem tanks 9 one joins 

onto the pump manifold 9 and the last one is used for the ion sour©<e>o Eac-h 
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face is grooved for flat·hycar gaskets which provide the vacuum sealo ·The 

source face':plate has two 3-inch diameter obser-vation ports covered with 

1/2 inch l~ad glasso The tank volume (including the portion of the dee 

stems eva.:c;uated) is 65 cuo fto 

Pumping Syst.emo A 14~inch Distillation Products oil diffusion pump 

is used to evacuate the tank with two 110 CUo fto/mino DVD 8810 Kinneys · 

for forepumpso The diffusion pump (untrapped) has a speed of 3000 liters/. 

seco at 7 x 10=4. IDmo Hgo The diffusion pump requires 2o8 kw of powero -. 

It is primarily cooled by water cooling lines around the chimneyo A freon 

refrigerated baffle is inserted in the chimney of the diffusion pump to 

reduce the amount of oil escapin~ into the tanka' A Mercoid switch ~onnected 

to the baffle rings an alarm if the temperature/ rises above -.30° Co 

Traps and Gaugeso In addition to the freon baffles, two stainless 

steel liquid nitrogen traps are pJ.ac:ed where the diffusion pump is attached 

tc the tanko They each have a capacity of L4 liters of liquid N2 and have 

100 sqo ino exposed to vacuumo Western Electric ion gauges are used to 

measure the pressure in the tanko The gauges are mounted vertically and 

magnetically shielded to reduce warpage of the filamento It requires 4 

minutes to reduce the pressure in the tank with the forepumps . to lOO.u and 

4 minutes more to reduce the pressure to 3 X 10=5 mm With the aiffusi.on 

pumpo Base pressure in the tank is 1 x 10=6 mm Hg and operating pressure 

is 2 x 10=5 mm Hg with a leak rate of 5 cc/min of H2 into the tanko 

Dees and Dee Liners 

Dees Prope£o The three dees are identi.cal and placed symmetrically 

around the tanko They have arbitrarily been called A9 B and Co Each d~e 

is a 60° sector attached to a for-eshortened. quarter wave stemo The vert.ic:al. 

... 

"' 
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separation of the dee tips is two inches» and the dee;_dee line: c1!:1arrm-~E 

is 1 incho '!'he dees prc,ject to within one inch of the center of the machinl':;o 

The tips are demountable and can be changed to vary the center geometryo 

The tips are made of one=quarter inch thick coppero The remainder of the 

dee is made of 1/16 inch' copper sheet with 1/4 inM ©Opper tubing helia.rc.ed 

to the dees for <eooling., Before the c;y©lotron was constJru~Gted9 a mo~kup 

was made of one dee structure in order to study its tuning propertieso 

As a result, a good estimate of the exciting power was availableo From 

this model the shunt impedance Zs of each dee was measured to be about 

3 x 105../L, and the unloaded Q of' the tank to be about 5000o The dee to 

dee capacity is about 2J.(-'< fo 

Dee Ste~o The dee stems are water cooled9 of L shape 9 4 inches in 

diameter and supported along the upper hal.f of the L by a zircon pedestalo 

This insulator provides the main mechanical support and the entrance to the 

tank for the dee stemo The inside of the dee stem is at atmospheric pressure 

and carries cooling tubes to the deeo Each dee is attached to the short 

horizontal section of' an Lo Coarse tuning is brought about by a movable 

ground plane at the top end of the dee stem-' and fine tuning is accomplished 

.by a 100=200~.-4( f air capacitor attached to the dee stem at the point where 

power is coupled in from the transmission lineo Additional lumped capacities 

at this point are often necessaryo 

Dee Linerso The dee liners are of 1/16 inch copper 9 water cooled with 

1/4 inch.tubingo The liners inside the tank are 60~ sectors above and 

below the daes 9 projecting slightly beyond the deeso In back of the a©c;el= 
" 

erating portion of the dees the liners c:ompletelr surround the dee structl.U"e 

and extend up along the dee stemso 
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RF exste!A 

Osc:Q,_lator 9 Phas~ Ge11eratorg Bu.f'f.er, and Driver.o Dssign of the orig-

inal rf system was. due principally to Ko Ro Ma.cKenzieo The rf system con

sists of a 5o5 Mc:/s cry~tal controlled oscillator9 frequency doubler.1 phase 

generator, and finally a buffer~ driver and final amplifier for each deeo. 

The 11 megacycle signal from the'doubler is sent to a phase generator!) 

where the si~1al is split into three parts and sent on to the three power 

amplifier systemso The phase of the signal to the B amplifier is shifted 

by 120° with respect to the signal for the A amplifier~ and the phase of , 

the C signal is shifted 240 degreeso This phasing is accomplished by a 

variable L=R=C phase shift network 9 tha correct phase being maintained by 

a phase control system to be described later in this reporto The thra'E! 

signals from the phase generator are cabled to the three separate amplifier 

cageso In each cage a 2E26 buffer stage amplifier supplies the signal for 

a 4-250A drivero This driver in turn supplies-power for the grid of the 

final amplifiero 

Final Ampl.!£1~,r~o The final arJl.plifiers are RCA=A250:5 tetrodeso They 

have a directly heated cathode, ma..ximum rating of 10 kw plate dissipationp 

maximum plate voltage of 6 kv and a maximum plate current of 4 ampo The 

tubes are cooled by a 3:0 .;;;uo fto/min radar blowero The plate· .tank circ:uH; 
. 

consists of an inductance {1~1/2 turns of 3/4=inch silver plated copper 

t_ubing bent into a ?-inch diameter co 11) in parallel wit<h a 250..-4"'( f va~;;uum . 
capacitoro Figure 3 is a photograph of a final amplifier cageo The dlf:l .f'ol" 

the plate is parallel fed through a chokeo Forty kw of de is a"railable for 

the final amplifiers fr:om a three-phase full-wave mercur.y rectifi~r ,$upply o 

The dte: plate voltages and screen voltages are vaz'i~d by an L'lduction regu~ 

.latoro Approximately .30 kw oi' rf power is available from the A250~5 t.etrodeso 

.. 
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These tubes are protected by a rf=dc fault circuito If the 11 megacycle 

rf fails to build up along with the de applied to the plate9 the difference 

voltage triggers a thyratron and removes the rf drive and plate voltage 

on the final amplifierso After a short delay (variable in the range 1=30 

sec) the system automatically recycleso Spark gaps are provided at both 

ends of the transmission lines to"protect against voltage surgeso Airvane 

interlocks prevent the tubes from operating unless a flow of air is present 

to provide coolingo 

Transmission Lineso The final amplifiers are connected to the dee stems 

by half-wave length transmission.lineso The outer conductors are of square 

cross section 13 inches on a side and are made of.l/32 inch copper sheet 

reinforced with 1/2 inch plywoodo · The inner conductors are copper tubing 

1-1/2 inches in diameter, supported by Alsimag ceramic insulatorso The ends 

of the insulators are protected from high voltage gradients by end capso 

Ball gaps at the centers of the transmission lines prevent any large second 

harmonic voltages from building upo 

Phase Control S~i~ 

' The phases of the voltages on the dees must be held at 120° relative 

to each other for proper acceleration of ions in a three-phase machineo 

This is accomplished by a phase control system developed by Bob Ho Smitho 

The essentials of the circuitry are indicated in Figo 4o The system consists 

of a local osciallator, a frequency converter9 five nudiopreamplifiers.~~ 

phase meters, de amplifiers and servomotorso Three of the servomotors 

operate the dee stem capacitors and two motors change the variable resistors 

for the grid phase generatoro 

The relative phases are observable as Lissajous figures on oscilloscopes 

and on meters which indicate deviations from 120 degreeso 
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To monitor and control the phase of the voltage on one of the dees» 

for example, a signal is taken from a loop near the top of the stem9 trans= 

mitted through an unterminat~d length of cable and applied to the phase coiD= 

paring circuito This circuit produces an error signal proportional to the 

deviation in phase of the applied signal from a 120° relationship to a ref= 

erence rf volt;kgeo This error si~al energizes a servo motor and rotates 

the·variable condenser at the dee stem, changing the angle of the input 

impedance of the dee systemo This change of impedance angle changes the 

phase of the rf voltage a"t th~ dee with respect to the phase of the driving 

vol~ageo 

In the phase-comparing circuit 9 the sample s~gnal from the dee stem 

is heterodyned with a local oscillator signal of frequency 15 kc lower than 

11 megacycles, and of low amplitude compared to the sampleo The resulting 

beat signal has an amplitude dependent only upon that of the local oscl.l= \ 

lator~ and a phase with respect to the reference 9 'Which has also been het.= 

erodyned down to 15 kc, the same as that, of the original sample with respect 

to the original referenceo 

Using the phase of the voltage at the A dee as the reference 9 the phase 

of the voltage at the B dee is held at 120 degrees in the following wayo 

When the two signals 9 equal in amplit~de after the conversion t~ 15 k~ 9 

are added (120':i in phase)ll the amplitude of-the resultant will be equal to 

that of either signalo If the angle is > 120~~ the resultant will be less 

than eh;her signal» while if the angl~ is ( 120~9 the resultant will be,· 

greater than either signalo This difference is then amplified as the cor= 

rection signalo The circuitry as .well as a more complete description of the 

system is given i.n UCRL-1884 by' Bob Ho Smitho·· 

.. 
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Grid Phase Control (Phase Generator)o A signal from the grid of B 

final amplifier is compared with a signal from the grid of A by a phase 

metero The resultant signal is sent to a variable resistor in a LRC net

work and keeps the relative phase 120 degreeso Similarly A-C grids are 

held at 240 degreeso 

Plate Phase Controls (Dee Stem Capacitors)o The A amplifier A2505 is 

kept at maximum efficiency by an efficiency phase control which keeps the 

plate voltage 180° in phase from the grid voltageo If the dee capacitance changes 

causing the phase to differ from 180°~ ·a signal is sent to the motor on 

the dee stem capacitor which retunes the dee until the phase is 180°o 

B dee is connected to A dee by a phase control an~ is kept at 120 degreeso 

Similarly C dee is held 240 degrees from A deeo Since the grids A-B and 

A-C are phased at 120° and 240° respectively, B and C amplifiers should op= 

erate at maximum efficiency alsoo 

Neutralizing Lineso It was found that the ·capacitance between the 

dees was large enough to cause considerable coupling between themo For 

some conditions of tuning, when power was supplied to only one of the dees~ 

voltages would appear on the other dees of amplitude greater than that on 

the driven deeo. Sin~e the capacitancesbetween the dees were unequal because 

of the presence of the ion source structure, an as~etrical distribution 

of phases and amplitudes at the dees resulted such that in some cases a 

0-120-240 degree phase relationship with equal amplitudes could not be o~ 

tained even by varying the power inputs from maximum to zero in any combi= 

nationo 

Another difficulty accentuated by· the inter-dee capacity was over= 

compensation or "hunting" among the phase servo systemso Even though each 

servo loop could be made stable by itself, simultaneous operation of all 
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loops with considerable coupling among them created an instability which 

was difficult to eliminateo 

A solution to these two difficulties·wasfound by using "neutralizing 

lines~'~o Aiialagous to the neutralizing circuits used in connection with 

electron tube_amplifiers, reactive power is transmitted among the dees of 

such phases and amplitudes as to exactly cancel the reactive power trans= 

mitted by the inter=dee capacitiefio 

These neutralizing lines consist of ·short .tranalllission lines be= 

tween each pair of dees 9 loop coupled at the stems near the input points 9 

' as shown in Figso 5 and-6o These loops can be rotated to vary the amount 

of oouplingo Adjustment is made by exciting only_ A dee and varying the 

coupling in the respective neutralizinglines such that the voltages induced 

on B and C are less than 5 percent of that on Ao Similarly the adjustment 

is carried out with B and with C excitedo With the loops correctly adjusted 

the effect of the dee-t~dee capacity is r~sduced to the extent that hunting 

has ceased to be a problem and the amplitudes of the voltages on the dees 

can be controlled independently by varying their respective power inputso 

Ion Source 

Source and Accelerating Slitso During the course of operation of the 

machine, ~pe type of source and source geometry were varied oonsiderablyo 

The source giving the largest beam was similar to one developed at Oak Ridge 

for their 22-inch and 86-inch machineso Figures 7 and 8 are photographs 

of the sourceo - The source is made of carbon with a quartz insulator isola~ 

ing the top carbon reflector o The cylindrical chamber containing the disr~ 

charge plasma is 2 inches long and l/4ihchm d:tametero The ions 9 elect;:ron'f3 

and gas stream up from the arc box through a 1/8 inch diameter hole tangent 

to one edge of the carbon cylindero The accelerating slot is 1/8 inch x ~/4;ilaoho 
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The outside d!.ame+,e!' of the sou.rcs :i8 .3/8 incho A curved accelerating slit 

to pull tha ions fro!!! the plasma is attac:hed to B de.<!:lo Figure 9 is a photo= 

graph of the des tips ehowi.r.\g the ac.:.elerating slit attached to B deeo 

The slit is 1/2 inch wide, 2 in~hes high 9 with edge posts 1/8 inch in diameter 

and curved 1/16 ir..ch in 2 incheso The slit is attached by a screw to the 

lower dee tip onlyo If the slit were attached to both dee tips, the expansion 

due to heating of the copper would fracture the slito 

Measurements 

that the ratio of 

voltages of 130 Vo 

ot' .the relative yield of H/ to H -r from the source indicate 
1" .,.. 

H2 /H is about Oo2 for arc currents of 3 ampo and arc 

The slit and source are located 1=1/2 inches from the center of the 

machine with the source 1/8 inch from the accelerating slito The beam is 

quite sensitive to the position of' the source wit·h respect to the accelerating 

slit., .. 

'£he source is loc,.ated in a vlatq;:r cooled arc 'boxo An J\raldite molding 

insulates the filament. lead•.::l from the arc: boxo Two water squirt. tubes serve 

as f'ilament leads through the araldyt,£:< moldingo The out.sid,e: of the a.raldyte 

molding is sealed with an tuQill ring 1i'B.Cuurm sealo A 3=inch chew·on seal allows 

the position of' the source to be ehanged radially and ro·~,atedo SidelJays 

and vertical motion are allowed by a sylphon bell.(owso Figure 10 is a photo= 

graph of th~ soUI'Ce face pla"tf<o 

Filament'- Filament Supply,_ Arc Su~1ply and }'~m:!:ssion Control. The sourc<El 

of electrons for the arc is provided by a 125 mil . •vvm~ shaped tungsten fila= 

mento The V is mounted horizontally with the apex of the V directly belo-w 

t.he hole in t.he sourc~S:o The filwnent :l.s heated with a 12v=,600 ampo selenium 

rectifier supply o The arc voltage is ~mpplied by a three=pha.se. full wav·J 

mercury rectifier supplyo Normal are voltage is 1:50v at J ampo The ar0 

current is stabiliz.ed by varying t.he emission from th~e filamento The eml~'J= 

sion is cont:t'olled by saturable reactors in the primary legs of the selenium 
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rectifier supplyo The arc current provides a·signal which is amplified and 

used to vary the a.'D.ou..l'l.t of satua'='ation of the reactors as is required t.o 

keep the arc current constanto A 0=10-'L variable resistor was inserted 

in the arc current return to change the1 arc f'rom a negative resistance 

characteristic to one more f'avorable for regulationo This control system 

is quite satisfactory except for extreme conditions of small gas intakeo 

· ~!§odium Lea.ls_o The inflow of hydz··ogen is controlled by a palladium 

leak9 as shown by Figo llo A 5 mil thirk9 1/4 inch diameter palladium 

tube~ 5 inches long, filled with ceramic beads provides the barriero One 

end of the tube is closed and at·t,ached to a 60=cycle low voltage power supplyli 

and the other end is soldered to a tube evacuated·by the systemo The Pd 

tube is uealed in a container into which hydrogen is allowed to flowo The 

amount of hydrogen diffusing through the palladium is dependent upon the 

pressure of the hydrogen and the temperature of' the tubeo The flow rate 

of hydrogen through a barrier is given by& 

where F = rate of diffusion 
T ~ tempera.tur.-e o.f palladitm~. 

P .~ pi'essure of hydrogen 
d :5 thic:kne&Zs of palladiUlll 
E e heat of diffusion (4000-~5000 

cal/gm·atom) 
k ~ colOd:rtan t 

'l'he Pd leak wa~S quite satisfactory foz" all opera.t.iono Care must be 

taken to avoid heating the tube unless hydrt:-gen is present around the tube, 

or excessive heating will result and the tube will pu.nctureo 

beamo Th~ probe was mounted on a squi.rt tube sli.ding through 3/4-inch 
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chevron seal~ insulated from ground 1:"1y a bsJcelite insulate:!."~ Figure 12 

is a photograph of the probe used" The probe -v1as a 3/4 inch x 3 inc:h x 

.'3 inch copper bloc:k milled hollo'\<.r o The opE:m face was covered by c:opper 

sheet and sil~lm soldsredo A squirt tube was silver soldered into the COP= 

per block to insur·e a rapid water flow directly behind. the place where the 

beain strucko Horizontal fins projected one=quarter inch ou·tward from the 

top and bottom of the probe to trap any secondary eolectrons spiralling along 

the magnetic fieldo A bias voltage of +450 v was also applie,d to reduce 

secondary emissiono A condenser wa.s used to bypass to. ground the rf volt= 

ages induced on the probe in order to protect the beam measuring metero 
0 

The water flowing through the beam probe was sent through a calibrated R~to= 

sight flow metero Thermometers we:re inserted in the lines near the probe 

to give the temJPerature rise of the wat,ero A·t beam levels of• 1=2 ma at 1 

Mev the current~'measured calorimetrically would be approximately 90 percent 

of the ctll"rent meter readingo At beam levels of~8 ma the calorimetric 

measurement would give only 75 pe:r'c:ent. of t.he current, meter readingo 'rhis 

difference was attributed to a non equilibrium c~ondition~ heat loss in the 

lines before reaching the thermon1lcters and \\ra.ter boiling and bubbling in 

the probe at high beam levelso Also lower energy components of the beam 

may have come in with the increased dee voltageso 

Radiat.,ion b_~V~o The two observation po,rts in the tank were originally 

covered with luci teo At protem beam le"'rels of 2 ma and 1 Mrev 9 the x=ray 

level was about 150 mr /hour within one foot of the port:3 o The luci te wi.ndowi3 

were replaced with one-half inch thick lead glass 1rJhich reduced the x~~ray 

level to a negligible arnounto In addition to the lead glass~ dark glass 

had to be used to remove the glare from the glowing probeo 
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As long as hydrogen was used in the i:;~n sourc:e 1 the·neutron flux was 

negligible. ~fuen deuterium was accelerat~d in the machine and a beam of 

6 ma at 0.5 Hev obtained, the fast neut:-on flux was of the order of 

600 n/cm2 sec within five feet of the rnachin~o No concrete or water shield,. 

ing was present around the mii\.:hin,.;,. 

III. DEVELOPMr.NT AND OPERATION CF THE 2Q.QINCH 'CYCLOTRON 

J!'ir.s~ Jiel!m 

The original des~gn of the 20-inch cyclotron was ·somewhat different 

from the final result described in Section II. The phasing of the B and 

C grids was achieved by delay linea of length ~/3 and 2/J~ in place of 

the phase generator. The final amplifiers .ware Eimac .4W.20~000A inertead 

of RCA-A2505 1s. The Eimac tub3s are water cooled 20 kw tetrodes with a.n in= 

directly heated (bombarded) cathode. 'l'he original phase control system 

compared the phase of B stem with respect to A and corrected the B stem tun.= 

ing capacitor~ alsos of C stem with respect to A and corrected the C ste.m 

tuning capa<d tor. Shortly after ini tlal operat.ion~ the A amplifier efriciency 

servo was added. The neutralizing l:tnes were absen:t. The sourc:e was of an 

on=center open arc typ .. :; o 

Upon first tuning t.he rf system.? it was notic:·ed that vibrat,tone of Lbc 

dees, reflected in the observed phase relu:t:i.cms 9 ¥rould make s(er·ITo.i.ng v.ery 

difficul to SevE:ral steps were tak~;n:, eJTwng whic.h \-r~re st:ll..ffe~1ing bra.·cet:l 

inside the dees, sylphon bellowB in the forepump lines,, and shoclr.m:ounti.ng 

of several air~blowerso These redw~ed the vib:"atlon problem-to vhe:r·,B it 

was not of' any ft1.rth:sr consequenoe •. 

Another effect observed witb the first :t.une up was th•3 pre.s:mc:e of con-· 

siderable capacitative coupling betw~en d.eeso Wh<:n only one d.BB \vas excited, 
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·ttJlae ·:otn:er lt7Wo :would oftendevelop comparable induced voltageso Al.so 9 the 

:servo syst·em hunted badly and was generally unstableo In order to decouple 

the syste~ a radial shield was built bet:ween each dee, but this seemed to 

mek9 n.o significant improvement, so a shield was made to surround each dee 

and of such.vertical height that the top of one dee could not see the top 

of any other, and similarly for the bottomo This reduced the coupling to 

a tplerable levelo 

Some previous work had been done on developing an ion source which 

would be particularly suited to a three dee, three phase geometryo Among 

those which were ready to be tried werfl. an open arc 1 a shielded arc with 

one to three slits to permit extraction of the i~ns 9 and a ring=shaped open 

arc with a grounded post in the centero Also 9 some schemes for adding de 

acceleration were testedo In every case the ion source was placed at the 

. center of the cyclotrono 

Ch!'nge of Final Amplifiers to RCA-A2505 1s 

For a long period, difficulty was experienced with the final amplifier 

stageo Perhaps a dozen or more separate failures occurred in the Eimac 

4W 20,000A tubes 1 among which were grid-cathode shorts 9 filament-cathode 

shorts, open filaments, and cracked sealso Protection on these tubes con

sisted of .~urrent overloads in all power supplies and ball gaps at the input ' 

to the transmission lineso One or two hours was the usual operating time 

between tube failureso It was finally concluded that these tubes were 

poorly suited for this purpose and they were replaced by the 10 kw RCA-A2505a 

This eliminated all water cooling at the amplifiers and any need f()r the 

cathode bombardment supplies., Since the conversion9 there has been 9 months 

of operation with but two failures of final amplifier tubes 9 one a grid-cathode 
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short, and one of unknown causeo One of these tubes was replaced by an 

RC~6166, which is the production model of the RC~A2505 9 with equivalent 

performanceo Some difficulty was experienced at first with the final ampli-

fier stage breaking into oscillation, but this was remedied with neutrali= 

zationo· Also~ at the time of the conversion9 additional protection was added 

in the form of an rf=dc interlock which compares the rf on each dee with the 

plate voltage and removes the excitation and de froni all three amplifiers 

if any one dee voltage fails to build up j~itially or drops out during OP= 

erationo 

Further developments of the rf system have been dictated by probl.ams 

, which have arisen in studies of starting conditions and beam characteristicso 

It was found that the efficiency of the B and C power ampl.ifiers decreased 

with time due to detuning of the grid circuitso An attempt was made to make 

all three servo loops into efficiency servos across the amplifiers but peak 

efficiency did not correspond to 120@ phase difference between the deeso 

The solution to this problem was to replace the delay lines by a phase gen= 

era tor which could be servoed to maintain the proper phase relations be·t-ween 

the final amplifier gridso 

Neutralizing Lines Added 

The amount of inter=dee coupling and consequent instability in the 

servo system was very sensitive to either removing any part of the dee shields 

or changing the size of the dee tipso Som~ impr9vement was secured by adding 
I 

a variable speed of response to the servos in the form of an adjustable 

coupling pulley system between the servo motors and dee turing capacitorso 

Ho·wever~ the problem was effectively solved only when a neutralizing system 

was installedo This ~nvolved a set of inductively c:oupled tran!>missi"-)lll 
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lines between each dee stemo The coupling lO•'d>P on cr:.e end of each trart:S= 

mission line is rotated by a motor cont.rolled from the consoleo By exciting 

one dee only and adju~ting the neutre.lizoing loops 11 the Ycltage app.:>.aring 

on either of' the,other dees can be :reduced to less than 5 percento :Lhe 

process is then repeated by exciting or~y the second dee and further adjust= 

ingo When the tti.rd dee alone is exc:ited 9 it is found that the system is 

already neutralized9 ioeo 9 no induced voltages appear~ and this is used 

as a checko The entire operation must, be done at atmt.)Spheric pressure to 

prevent small induced voltages from being obscured by ion"~lodr o · It takes 

about 45 minutes to let the cyclotron down to nitrogen 9 neutralize 9 and 

pump down againo 

At times there was considerable sparking and it was repeatedly necessary 

to restore the excitation which was removed by the rf=~dc fault circui to 

Hence, a recycler was added which would do this automatically~ after a time 

delay which could be set by the operator o Recy,.ding wou.ld oftei:.t tie repeated 

continuously requiring several attempts before the ,rf 1.'Jame on, especially 

if .the voltage was high, and it was found that during this period the servos 

received spurious signals and tended to creep awayo Sog an additio:p.al time 

delay was add~d9 also adjustable~ which would deactivate the servos during 

the recycling periods and until the rf' had been on a shor't whileo 

At high beam levels, the servos picked up9 in addition to the r.f signal9 

a large quantity of lflarc hash IIllo This llllha~lhnu has considerable audio component~ 

and rendered the servos inoperableo A special filter network added to the 

servo amplifiers was nH~essary to eliminate this intrerf'E<renc:<eo 

Settings of the tuning capacitors are quite different for cperating 

with high beam:s and operating with no beam. (due to chanc;e 0,f capacity \lith 
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heating of the dees) 1 so that shutting down after having the beam on requires 

retuning befol'·e the rf can te madeJ to corne on aga.ino A device to do this 

automatically is now being designeda 

Further details of the rf system are to be 1'ow1d in the report UCR.L-.188.4 

Early in the program a study was made of the properties of three dee 

cyclotrons to accelerate var·ious ionsa One rather obvious result is that 

If and W' are not accelerated aimul taneously due to the unique di.rection 

of the rf phase sequencea The analysis also showed. {cfa UCRL=l686) that 

almost all ions whose ratio of mass to charge is an int.erger, can be accel-

erated in one of the possible arrangements of the rf phase sequence 1 ioeo 9 

positive, negative, or zero sequence, w.i th no change in the r rotan resonant 

rf frequency or magnetic fieldo The energy gain per turn with 60° deesll 

based on a delta function voltage change acrof.1S the gap~ is e.ither 3 e'IT 

or 5a2 ev in the positive and negative sequence mode and 6 ev in the zero 

sequence modea The theory has been carried out~ in addit.ion 9 for the gen~ 

eral cas<t; of dees of arbitrary angular width a 

Some expc;r.imental we>rk has been done vdth acceleration of H2+ and D+o 

As an example~ with a proton resonant magnetic field ·and fr&quenay and a 

+ deuterium source~ the D boa.rn in the negative sequence mod.e was 6o5 ma e.t 

8-1/2 inch radius while the beam recorded in -t;he positive sequence mode .9 

presumable o2+, under· the same c.ondi tions l.JilS JO A flo Neutron ,background 

was too high to undertake an extensi'Ve program v,dtb deu'te.riulno 

Q~n Arc ( GeQ~eredl? Of, the arc sources previously describedo operating 

on center~ the open arc gavo conside:r ably mere be:un th<lTJ any of the otherB .o 
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peak per.fc::·mance be.ing .3a 2 ma at 8 :i . .r.chee for protons o Cu=ves of beam versus 

radius cf CllTl'E;nt probe Ehm.,'ed a gradual rise in beam with d.e.e:reasing radiu~ 

until four or f'iY~ inches vJ.her•G the increase became much more rapid.., con=-

t.inuing so to·wa:rd the . cent&ro See Fig a 13o lk'1 att.empt was mad·e< to improve 

the magnetic foctising of the beam at the center by adding cones 9 2 inches 

ln diameter and 1/2 inch higl1 9 to the polreso These raised the central field 

by four percent~ bllt had n.o effect on the beam at large radiio The arc was 

always obssrved to diffuse when the rf voltage was turned ono Also 9 unless 

th~ arc t.rs.s kept slightly shorter than the vertical gap between top and 

bott.om of the dees~ the tips o.f the dees~ at 3/4 inch radius for the best 

beam.9 would become red hoto A view of the machine in this period of de= 

velopment may be seen jn Figo 14o 

l91L~~TI~AYP£~ "~b~~!r£~..J.9~;.l1ter;~f.!J.o It was suggested to us by Dlro Eo Oo 

La:Wrence that using the expe:cienc:i', galned with ion pa.mpi3 at this laboratory9 

it should be possible to build a cyclot.x"on ion som•ce which would be an 

extremely ef''fil~ient ionizer with a large arc :surfaceo Fortunately a 5-inch 

\ . . . 
removable plug extended through the cent.sr of' the upper poleo Magnetic meas= 

urements showed that it would be necessary t6 augment the field inside the 

pole with a solenoid in order to ((!.trike an are<o When this was done it was 

possible to s~rike a 17=inc:h a.rc 9 1/2. im~h in diameter i.n the tal1.k9 of which 

~ verti~al piece 1/2 inch long·was e:xpo~ed in the median planeo The source 

acted like a pump,. that is, when the a!"c was shut. off the pressm·e increasce.d 

up to a factor of two o No mo~e beam was obs8r·ved with t.his source t.hstt wa.:s 

reported previously f'or an open arc sour~e·o A view of this source in the 

machine is shown in F1go 15o 

Hoodsd A!.'C! Off' C;;mtr;>:r·.o Through advice .from the e;yclotron group at 
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t.o one dC>eo< A hQod patterned after an Oak Ridge design was used over the arco . . . 

G-::.nsiderable work \.Jas done to f.ind a good injection radius~ source, and dee 

:.:<l.it designo With the geometry. as shown in Figo 16,9 it is typical to have 

betwsen 6 and 7 ma at 8 inches radiuso This current does not change with 

450 v-olts of de positive bias on th~ probeo Howevers1 when the current p:'Obe 

is moved in to 6 inches~ the beam begins to increase rapidly end is lowered 

by positive bias on the probe indicating some loss of eJactrons by secondary 

f:misr>iono The beam is a, linear f'unction of the de input powerll of which 

about 40 kw is available, and also of the rf voltage~ of which up to ab:nlt. 

· .30 kv is held when loadedo Figure 1'1 i's: a plot of the beam as a f'tmction 

of tb.e dee val tageo 

After about 8 months of operation9 the deposit of cracked oil on the 

dees and inside the tank had increar~ed to such an extent thflt it became 

dtfficult to hold fUll voltage on the dees:o A glow discharge would occur 

in the tank.; ,,The .liners,. dees anq pr'cbe were then removed and ·sand blasted 

to remove the deposito This eliminated the glow discharge in the tanko 

fr~ing the B!;!,BID, 

it has been possible to program the beam for two complete turns by put= 

ting graphite slits on the deeso No. ,dec::rease in the beam at large radii was 

obse:rveda The first turn passes over the center of the cyclot.r@n and mis~as 

one dee entirely9 then. comes ·around and skirts the ion sourcea · The program= 

ro.ing sllts run cool only through .a narrow rang~} of' r·f voltag~o Figure 18 

is a plot of the ion paths for the first two turnso 

One of the questions still unanswered at the end of the operating 

. period is that of the. effect .of th~ beam coupling on the phase of the dee 
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voltages. The resistive component of the beam load will reduce the Q of 

the tank and reduce the problem of phase control~ since low Q circuits are 

easier to control than high Q circuits. The effect of the reactive component 

of the beam is more obscure and difficult to predict. The operation of 

the machine has indicated no effect other than the phases appear slightly 

more stable with the beam on than off. This would indicate either the re= 

active component is negligible for beam levels of the 20=inchl> or that it is 

not detrimentalo 

The difficulty associated with neutralizing with the tank at air has 

been described ·above. An alternate method which has peen suggested but 

not completed would be to neutralize under vacuum at high voltages. This 

would be done by modulating the 2E26 buffer plate on one dee with 60 cycles ao0oD 

and then adjusting the .neutralization. until the 60 cycle component on the 

other t.wo dees would be a minimum. This would be done :successively for. the 

other two dees. 

IV. S~{ARY OF INFORMATION OBTAINED WITH THE 20=INCH CYCLOTRON 

11. hooded arc operated 1=1/2 inches off center has provided the most 

beam with a minimum of rf power lost in defocused beam. A curved acceler= 
·. 

ating slit to pull out the ions is attached 'to B dee. The hood helps to 

shield portions of the plasma from the r.f fields o Of.~f=center operation 

provided a better focusing geometry for the starting ions. The first few 
I 

turns in the cyclotron are discrete and off center about. 3/4 i.ncho They 

can be made to pass through accelerating slits ort the dees with negligible 

loss in beamo 

A phase control system.has been necessary for satisfactory operation. 

In addition, in order to operate the cyclotrqn rlith .no hunting of the phase 
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~ontrol system, and equal dee voltages, it has been necessary to neutralize 

the dee-to-dee capacityo Even with the neutralizing lines, there is a slight 

asymmetry in the dee voltages due to the fact the accelerating slit .for the 

source is attached.to B deeo As a result B amplifier is more heavily loadedo 

With a larger machine, this extra load should have less effecto 

Stable operation has been maintained with 6 ma of 1 Mev protons for dee 

voltages of 28 kv o From the progra.IrJined orbits the gain in energy per turn 

has been found to be about 2o5 eVoo By changing the phase sequence from ABC 

to ACB and using deuterium gas in the source~ 6o5 ma 'of Oo5 Mev deuterons have 

been obtainedo Similarly, using helit® gas in the source, lo5 ma of 1 Mev 

alpha particles were obtainedo The gain in energy per turn for this :mode 

is approximately 5 eVoo 
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20" CYCLOTRON TANK 

Fig. 1 

Diagram of tank and pole tips. 
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20" CYCLOTRON MAGNET 
RADIAL UNIFORMITY 

100% FIELD • 7.2197 Kg 

96.8~ __ _. ____ ._ __ ~----~--~~--~--~~----~~· 
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DISTANCE FROM MAGNET CENTER (INCHES) 

Fig. ;2 

Plot of magnetic field as a 
function of radius. 
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ZN370 

Fig . 3 

Photograph of final amplif i er cage. 
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F'ig .• 4 

Block diagram of phase control 
system. 
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Fig. 5 

Photograph of upper dee stem. 
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Fig. 6 

Photograph of exterior of neutrali zing lines. 
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ZN 368 

Fig. 7 

Photograph of ion source assembled. 
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ZN366 

Fig. 8 

Photograph of ion source disassembled. 
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Fig. 9 

Photograph of dee tips . 
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ZN369 

Fig. 10 

Photograph of source face plate. 
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TANK 

PALLADIUM LEAK 

Fig. 11 

Diagram of paillladium leak. 
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MU3864 



-39-

Fig. 12 

Photograph of beam probe. 
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Fig. 13 

Plot of beam as a function of radius. 
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DE-COUPLING PROBE 

ION SOURCE 

VACUUM VALVE 

THREE "DEE". TWENTY INCH CYCLOTRON . 

Fig. 14 

Diagram of dee structure with on 
center open arc source. 



-L2-

DE-COUPUNG SHIELD ION SOURCE 

INSULATED AN 

VACUUM VALVE 

THREE "DEE", TWENTY INCH CYCLOTRON 

Fig. 15 

Diagram of ion pwnp source.. 
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ZN374 

Fig. 16 

Photo5raph of source and beam in tank. 
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Fig. 17 

J 
36 

Diagram of beam as a function of r•f• voltage. 
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Fig.; 18 
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Diagram of programmed beam. 




