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A l l  the following s tud ies  apply t o  accelera tors  designed t o  produce 100 pA at 

700 MeV. 

The Dee-in-Valley Isochronous C ~ c l o t r o n  

This design is a six-sector version of the  50 MeY machine a t  UCU' ), with pairs 

of dees operating out of phase i n  opposite valleys at 8.7 NC/S (see Fig. 1). The gain 

per turn is 2.6 V (where V is the  peak dee voltage) a t  large  r a d i i  and becomes 

progressively g rea te r  at small radi i .  The tapered dee has a "stretching" a c t i o n  which 

makes i t  poss ible  t o  achieve 85% of the  center  voltage at the  outer  beam radius. It is, 

i n  e f fec t ,  a non-uniform l i n e  with low capaci ty  per u n i t  length i n  s p i t e  of i t s  size. 

The design dee voltage w a s  taken as 180 kV peak on each dee, and, assuming 75% ef f icioncy, 

t h e  t o t a l  d.c. input power was calcula ted t o  be 450 kW. The beam w i l l  add an  e x t r a  

100 kW f o r  every 100 pA of accelera ted ions. 

These f igures  were checked on a 1/6 sca le  model of one sec t ion  fabr icated from 

commercial sheet  copper and with crude tolerance;  the input  power w a s  520 kW. The 

RF generator w a s  a simple tuned-plate, tuned-grid o s c i l l a t o r  using an Eimac 35T with the 

model dee serving as the  p la te  c i rcu i t .  The e f f i s i e n c y  w a s  found from the color  of the 

anode. This method measures the  shunt impedance, which is the per t inent  parameter. 

The Q is not d i r e c t l y  involved and w a s  never measured. 

%e ful l -scale  RF generator is envisaged as a master-oscillator-amplifier chain 

feeding four focused-beam type tubes such as the RCA 694.9. Loop coupling is indicated 

Fig. 1 Relntive dimensions of  deea and s t e w  for the isochronoue oyclotron ns  determined 
from model studies.  
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r a t h e r  than a d i r e c t  t a p  6n the  stem, s ince  t h i s  minimizes t r a n s i e n t s  on the  l i n e s  

and allows more f l e x i b i l i t y  i n  remote handling. 

The Dee-in-Valley Synchro-Cyclotron 

With the  removal of duty-cycle l imitat ions ') ,  t he  of ten  considered union of 

s p i r a l  r idges  and frequenoy modulation looks very a t t r a c t i v e ,  e spec ia l ly  so  i f  the 

dees a r e  placed i n  the  valleya. The combination of reduced frequenoy range and lower 

capaci ty  makes i t  very feas ib le  t o  increase the dee voltage and corresponding 

repe t  i t i o n  rate. Henrich, Sewell and vale  J) measured beam versus dee v01 tage and found 

t h a t  I - v3. Simple arguments support t h i s  data. Due i n  par t  t o  the  open type ion 

source, a dense local ized space aharge sheet  of ions e x i s t s  i n  the  center  of a synchro- 

cyclotron. Po ten t i a l ly  useful  ions a r e  repel led  v e r t i c a l l y ;  those t h a t  are turned 

back toward the median plane by magnetie forces c o n s t i t u t e  the useful  beam. TWO 

important time i n t e r v a l s  a r e  involved : a )  the time the  ion spends i n  the dense space 

charge region (which i n  rough approximation determines the v e r t i c a l  impllse), and 

b )  the  time of f l i g h t  before being ncaught" by the magnetic focusing force. Both times 

vary as 1/V. The space charge dens i ty  is proportional t o  I/V (where I is the beam 

current) .  Hence the  ion current  t h a t  penetrates well  i n t o  the  dee i n  normal cyclotron 

fashion va r ies  as lA3. This s t a t e  of a f f a i r s  occurs at the beginning of every pulse, 

and s ince  the  pulse r a t e  va r i es  as V, the  t o t a l  dependence might be as high as V" i f  

a l l  o ther  f ac to r s  such as capture efficiency,  source efficiency,  etc. remained constant. 

It is worthy of note t h a t  va r i a t ions  i n  source geometry have been s ingu la r ly  unsuccess- 

fu l ,  indicating t h a t  the  beam l i m i t a t i o n  is elsewhere. 

Unfortunately synchro-cyclotrons operating a t  10 kV cannot e f fec t ive ly  use 

e f f i c i e n t  s l i t - type  ion sources. Raising the voltage t o  30 or 40 kV would allow slits 

t o  be used, g r e a t l y  increase the useful  beam, and cu t  out most of the  unwanted ions 

tha t  produce the  space charge. I f  anything l i k e  a v3  dependence still app l i e s  under 

these conditions, a f igure  of 100 ,uA is  very conservative. 

A conceptual design is shown i n  Fig. 2. The f i e l d  is assumed t o  be l e s s  than 

isochronous and the  shinrming e f f o r t  is confined t o  removing harmonics and producing a 
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Fig. 2 Conceptual dosign of a low-range, high-voltage TM system for a sector-field 
cyclotron. 
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'snooth va r ia t ion  with radius. Two symmetrically placed dees a r e  used t o  remove the 

f i r s t  harmonio and double the  gain/turn. A s e l f  exci ted o s c i l l a t o r  is envisaged 

whioh would dr ive  one of the  dees, with power fed t o  t h e  other dee through a fu l l -  

wave l i n e ,  of non-uniform Zo, which would a l s o  serve t o  lock the two resonant systems 

together. 

The reduced Ea[ range is aohieved by eliminating the  high frequency portion. This 

is most important. Every cyclotron BF designer knows t h a t  a t t a i n i n g  the upper l i m i t  

is d i f f i c u l t  i n  l a rge  structures.  But i n  the design of the Fhl portion,  the 

advantages of reduced range a r e  p a r t i c a l l y  o f f s e t  by the  higher voltage and r e p e t i t i o n  

r a t e  required. Vibrating blades seem qu i te  unpromising. I f  r o t a t i n g  capacitors a r e  

used, they can have l a rger  spacings and fewer t e e t h  per row, but they must have more, 

o r  run  at a higher speed. In the  conceptual design of Fig. 2 the  systems must be 

synchronized by using servo oontrol  which is now q u i t e  accurate,  and probably f e r r i t e  

trimming. If  the  Faf range is small enough the  a l l - f e r r i t e  system is very a t t r a c t i v e .  

Insulators,  placed as shown i n  Fig. 3, make it possible t o  locate  the  f e r r i t e  i n  air. 

Fig. 2 and 3 apply t o  a magnet similar i n  s i z e  and geometry t o  the isochronous 

machine, but the  general concept appl ies  t o  any frequency modulated cyclotron. Even 

a small amount of r idging and some reduction i n  frequency range, s u f f i c i e n t  t o  permit 

the  use of a s l i t - t y p e  ion source with accelera t ing electrodes,  should produce a 

s i z a b l e  increase i n  beam. 

The Negative Hydroaen Ion Cyolotron 

Because of the  l a rge  s p i r a l  angle required for  an e f f i c i e n t  H- magnet designed 

f o r  700 M~V'! no p a s s i b i l i t y  e x i s t s  f o r  using dees i n  t h e  valleys. The minimum gap 

mst be increased, and the most d i r e c t  and simple approach appears t o  be the  forshortened 

h/4 sheet  transmission l i n e ,  operating on the t h i r d  harmonio at approximately 11 Mc/s. 

Fig. 3 Conceptual design of a f o r r i t e  FM myatem for n sector- f io ld  cyclotron. 
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Fig. 4 Sheet transmission line RF system and drive coupling motl~od for a negative-ion cyclotron. 

This is a very simple RF system; the  only i n t e r e s t i n g  fea tu re  is its s i z e  (about 20 

by 66 f t  f o r  each dee),  see  Fig. 4 and 5. For convenience i n  handling and construction,  

the  two dees a r e  siiown i n  the form of 16  separa te  resonators,  cons i s t ing  of 8 s i m i l a r  

inner u n i t s  and 8 similar outer  units .  The upper u n i t s  a r e  s o  t i g h t l y  coupled t o  the 

lower un i t s ,  both magnetically and e l e c t r o s t a t i c a l l y ,  t h a t  it is q u i t e  f eas ib le  t o  feed 

power from the bottom s i d e  only. There a r e  f o u r  symmetrical d r ive  points  as shown i n  

Fig. 4, and, as i n  the  f i r s t  study, four beam-type tubes a r e  envisaged as the  f i n a l  

amplifiers. 

With such t i g h t  coupling i t  appeared t h a t  r e l a t i v e  mechanical de f l ec t ions  between 

adjacent u n i t s  would cause very small unbalance voltages. A 1/5 sca le  model of a 

small p o r t i ~ n  of t h e  dee w a s  b u i l t  t o  t e s t  t h i s  f ea tu re  and showed a 2% dif ference  f o r  

a 1 in. r e l a t i v e  displacement of adjacent dee l i p s  (3% of t h e  magnet gap). Such 

i n s e n s i t i v i t y  could well e l iminate  the need f o r  remote tuning. The model and generator 

were of the same type as used i n  the f i r s t  s tudy,  and showed a power input requirement 

of 600 kW f o r  100 kV a t  each dee l i p ,  i n  good agreement wi th  a calcula ted  value of 
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Fig. 5 Exploded view of individual sheet transmission lino resonators for a ncgetive-ion cyclotron. 

500 kW. The e f f e c t  of adding cant i lever  beams t o  both dee and l i n e r  t o  el iminate a l l  

other  means of support w a s  not  modelled. It is estimated tha t ,  neglecting beam loading, 

t h i s  e f f ec t ive  decrease i n  gap w i l l  roughly double the power (which var ies  as l / ( g a ~ ) ~ ] .  
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D Is CUSS ION 

WATER.TON : Are any current  l imi t a t ions  introduced by space charge build-up due t o  non- 
uniform d i s t r ibu t ion  of the accelerated o rb i t s  at various in s t an t s  during the frequency 
modulated cycle? 

MACKENZIE : No, the  spsoe-charge l imi ta t ion ,  once the ions a re  i n  the  region of magnetic 
focusing, is a negl ig ib le  factor. The ve r t i ca l  repuls ive  forces a r e  constant i n  the 
region of magnetio focusing; i n  the  oent ra l  region they become very serious i f  
acce lera t ing  slits a r e  not used. 

WATERTON : You a r e  r e fe r r ing  t o  mean currents  of one milliampere o r  so? 

MACKENZIE : Yes. 
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