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ABSTRACT 

As part of the program to investigate the properties of the clover

leaf cyclotron, a 20-inch-diameter proton cyclotron was constructed. In 

such a three-dee three-phase system it is possible to accelerate protons, 

deuterons, and tritons at the same setting of frequency and magnetic field 

but on different modes of the rf. For stable operation in the proper mode 

and witt, balanced voltages, it has been found necessary to provide both 

phase servos and amplifier efficiency servos. The dees could not be servoed 

individually until the interdee capacity was neutralized. Under such condi

tions 1t was possible to attain steadily 6.0 rna of protons at 1.0 Mev in the 

forward mode and 6. 5 rna of deuterons at 0. 5 Mev in the reverse mode . 

. ,.Now at the University of California Radiation Laboratory, Livermore, 
California 

:-:~ -~"": 

Now at Montana State University, Missoula, Montana 
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INTRODUCTION 

As pan. of t h:c pr0gram to investigate the prope rti!" s of the clover ... 

leaf cyclotro' 
1

, a 20-in.~:l-diarneter proton cyclotron was constructed for 

the purpose~ d studyi:1g c~>·.1ditions for starting ions and problems of es

tablishlng a .. d maint3.ini:\g three-phase rf. The preceding paper
2 

discu:-;ses 

briefly the ...:ntire cloverl<~af cyclotron program and -- in co:-1sJderable 

detail-- ti·!e problen'1s c.:.1mmon to all the three-phase rf systems that were 

constructed. The description of the rf systern here will concern only those 

features •vhich were uniqu~ in the 20-inch cyclotron. Further details of 

the rf syatem
3 

and the experimental program 
4 

are available. 

A three-dee three-phase cyclotron is a very versatile machine, so 

far as the multiplicity of ~-O~ls 1s concerned, which can be acc-elerated at: 

the same frequency and rnagnetic field. This is a consequence ·of the t~rc:c 

modes available to the rf syBtem. These properties have already been 
.'J 

pointed out for a three-dee three-phase systern as well as for a two--dee 
6 

dual-mode system 
0 . 

For example, in a systern with two 120 dees, prcnon:; 

are accelerated on the out-of -phase mode, and deuterons on the inphas<' 

mode. In a system with three 60° dees, protons are accelerated on tl':e 

forward mode, deuterons on the reverse mode, and tritons on the n(~utral 

mode. Further properties of the three-phase system are llsted in 1able I. 
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Table I 

Properties of a three-phase system with 60° dees and 

w = r2 proton 

Ions Accelerated 
w/rl 

Ene~·gy gained per turn 
n even 
n odd 

Relative threshold 
voltage with n = 0 

--···-·---

w = rf frequency 
r2 = ion frequency 
n = integer 
q = ion charge 
V = peak dee voltage 

0 

-------·-----------------·-· 

Forward Mode Reverse Mode 

3n+l 

3 qV 
0 

3f3' qV 
0 

l 

3n+2 

3f3'qV 
0 

3 qV 
0 

zjfj 

Neutral Mode 

3n+3 
exc 2pt 6n 

6 qV 
0 

6 qV 
0 

3/2 

----------··-··--·---------·-·-·--·---------------·-·-------·----·-····· 
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lJE:3CRlPT~ON OF 'T'HF CYCLOTRON 

pole pieces and a C-··typ·: yuki'! that v:,ls a\rt::.,dy r<v.uL:tbi.c 

vacuum wall Shuns v . ..:·r~~ used to provide c:s,,,:")L' rn<:gnetic field to a radiu;, 

of 8.5 inches In accor('i '-Vlth tbe threei(>Ll 3\T!.":r;.·,e~ry of the syst:::n:-, th,_ 

vacuum tank was rnadc hexagonal. Thrt'~~ ~:,i !:}-,.-~ sides were attache:-:l t.r· the 

dee-stern tanks, Grk ·..vas connected to th:~ :-~l<-:·;::oid of;-,. 14-inch oil dif .. 

fusion pump, and the other two provided \:c·\''''<g ports and vacuum sc:-ul:_: for 

the ion sourcE: and val'ious probes. A v!-~w :1f rhe exterior, showing t·Nc cf 

the dee-ste1n tC:tnkb :1nd the source lac('plai.-: t2 slw,vn 1n Fig 1. 

Each dee was a 60° sector a.ttact-.cJ to a foreshortened quar,c>-·,;vave 

stem. The vertical clearance inside the· dc..:'s was 2 inches and the der.--to-

liner gap was 1 inch. The tips of the dcPs w<~rc: demountable to allov.; vary

ing the central geometry. The dec btcm;:; <.:tnd the dee-stern tanks w;;r-- L-

s hap e d . Z 1 r c o n i n s : 11 ,, tor s we r e n• o u '' i. r.~ d 1' n the t o p s o { t b ~ d e e - s t c rr. ~ a :'1 k s. 

and these provided the rnai:1 rned1ani,~a·: :mpport for the ch'e sterns a;1d, ii1 

addition, acted as vacuum seals. Cour-:e tuning was prov':-Jed in the· fonn 

of rnovable ground planes attached al,ot:.l: 3 feet above where the dee sten1 

emerged through the insulator. Fi::w tuning was accomplished by a 100- to 

200-fJ.fJ.f air capae1tor attached to the dee s!.errJ. about <J. foot below the ground 

plane near the point where power'"·;.:..;, coupled 111 frorr1 half--wave air-tr;;r,s--

rnission lines leading to the amphficr r .. tgee. Th~se elen1ents together \vith 

the coupling loops frorn the neutraliziLg llr><;s an: sl1own in Fig 2.. 

RADIOFREQUENC Y DEVE LOPi'vH~NT 

The objective of the rf devr.;]opment was to prt)vidc balanced voltages 

on the dees with the proper 12.0° phafi~ shift between thern The dees were 

identified, ABC, in the order in which a positive 1on passed through them 

A voltage phase sequence in the ordc·r ARC was termed t!1e forward 1nodc, 

in the order ACB the rever.::;e rnodc, and with no phase shift the neutral 

rnode. The phase shifts werP. inttl<dly obtained by us1ng a driven. system 

with >,_/3 and Z\/ 3 delay hnes betwe'::n the mastvr osc 11lator and t'NO of the 

power amplifiers. ln sud1 a drivt'n system sorne rnethorl is required to 

keep the powP.l" ar"lplifiers at peak eff\c:iency Futht~ rrno r e, some s cherne 
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ZN369 

., 

Fig. 1 
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ZN367 

.• 

Fig. 2 
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1 s necessary for preserving the proper phase shift between the dees. 

Originally there were three servo loops, one that controlled the efficiency 

of A amplifier, and two that controlled the phases of B and C dee s with 

respect to A. The element corrected in each case was the dee- stem tuning 

capacitor. It was found, however, that the efficiency of the Band C power 

amplifiers decreased with time owing to detuning of the grid circuits. 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 dees. The problem was solved by replacing the de

lay lines by a phas~ generator, and by adding two more servo loops which 

controlled the B and C amplifier efficiencies by shifting the phase of the 

grid signal. 

At the outset, a difficulty was encountered in obtaining balanced dee 

voltages, owing to capacitive coupling between the dees. Because of this 

coupling, it was possible, under some r::onditions of tuning, for one amplifier 

to induce more voltage on an adjacent dee than on the one it was driving. 

The coupling was further evidenced by hunting by the servos. Various steps 

were taken to overcome this instability, such as adding skirts to shield the 

dees from one another, and varying the time constants in the individual 

servo loops, but none of these proved satifactory until the interdee capaci

tance was neutralized. This was accomplished by connecting transmission 

lines between the dee stems {see Ref. 2). Only with a well- neutralized 

system was it possible to control the dee voltages individually in both 

amplitude and phase. 

Approximately 30 kw of rf power was available from the final ampli

fiers using RCA A2505 tetrodes. These tubes were protected by an inter

locked air-cooling system, spark gaps at both ends of the half-wave trans

mission lines leading to the dee stems, and by an rf-dc fault circuit. This 

circuit compared the rf output with the de voltage applied to the plate and re

moved the amplifier excitation if the rf failed to build up initially or dropped 

out during operation. At times there was considerable sparking and it was 

repeatedly necessary to restore the excitation, which was removed by the 

rf-dc fault circuit. Hence, a recycler was added to do this automatically, 

after a time delay which could be selected by the operator. Recycling 

would often be repeated continuously, requiring several attempts before 
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the rf came on, especially if the voltage was high, and it was found that 

during this time the servos received spurious sig::1als and. tended to creep 

away. Therefore, an additional time delay was added, also adjustable, 

which would deactivate the servos during the recycling. 

If the cyclotron was shut down for several minutes or more after 

having run intense beams, thermal effects detuned the machine sufficiently 

so that ion lock prevented the rf from being rzstored. It was then ne:cessary 

to retune the machine by exciting each of the dee- stem tanks with a grid dip 

oscillator and adjusting the tuning capacitances for resonance. A system to 

do this automatically was under development at the end of the program. 

ION SOURCE DEVELOPMENT 

Originally, the ion source was situated at the geometrical center of 

the machine. Conventional low-voltage hot- cathode discharges were em

ployed with various arrangements of arc shields, e. g., a one-slot and a 

three-slot hood, an unshielded arc, and an open ring-shaped arc with a 

center post. In the most successful arra01gement, which was a simple open 

arc with dee tips extending to within 3/4 inch of center, the proton current 

was 3.2 rna measured at 8 inches (1.0 Mev}. Considerable heating of the 

dee tips occurred under these conditions. A major improvement was 

effected when an off-center source was installed which injected azimuthally 

into one of the dees. The source design, of the hooded-arc type with an 

exit slot 1/8 by 3/4 inches, was patterned after sources that have been 

developed at Oak Ridge for use on the 22-inch and 56-inch cyclotrons. 7 

Various designs of dee feelers were tested and various parameters, such 

as the radial position of the source and the azimuthal orientation of the exit 

slot, were varied. Figure 3 shows the most successful source and feeler 

geometry. The radial position of the source was at about 1-3/4 inches. 

With the geometry of Fig. 3, it was customary to have between 6 

and 7 rna of protons at 8 inches (1.0 Mev). The current was measured with 

an unshielded probe and at this radius was unaffected by 450-v positive bias 

on the probe. However, inside 6 inches the probe current rose steeply with 

decreasing radius and was decreased by positive bias voltage. The heam 

current was also measured calorimetrically, At beam levels of 1 to 2 rna 
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the calorimetric method gave 90o/o of the probe meU:od, while in the 6-to 

8 -rna range this ratio dropped to 'i' 5%. I he probe method was believed to 

be the more reliable. In Fig. 4, the beam current versus peak ri voltage 

is shown. In general, the dependence was linear, as was also the depend

e nee of the beam on the total· de. amplifier po:wer. The beam load would 

cause a two- to threefold increase in the amplifier plate currents compared 

to the source-off condition. 

Because of the fast-neutron background, only brief periods of opera

tion with deuterons were attempted. In the reverse mode, it was possiible 

to rapidly attain a deuteron current of 6.5 rna at 8.5 inches {0.5 Mev}. In 

the forward mode, a current of 30 !Ja was measured under the same conditions. 

This was presumably D
2 
+. Similarly, with helium gas an alpha-particle 

current of 1. 5 rna was measured in the reverse mode. 

It was possible by a system of slits to program the beam for two 

complete turns. Once determined, these slits ran cool only for a narrow 

range of rf voltages. The orbits are shown in Fig. 5 The orbit center 

was found to be displaced from the geometrical center by 3/4 inch. The 

variation in the dee voltages shown in the figure is indicative of a system 

not well neutralized. 
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BEAM AS A FUNCTION OF VOLTAGE DEE 
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STARTING ORBITS (PROGRAMMED) 
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LEGENDS FOR FIGURES 

Fig. 1. Cyclotron exterior 

Fig. 2. Upper dee-stem assembly 

Fig. 3. Source operating 

Fig. 4. Proton current versus peak rf voltage 

Fig. 5 . Starting orbits 
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