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The subject  of t h i s  paper i s  a new concept i n  p a r t i c l e  acce le ra to r  design wi th  

poss ible  appl ioat ions  t o  machines of intermediate energy, say from 15 hleV t o  a few 
1 GeV''2 . The pr inciple  underlying t h i s  concept is  t h a t  the equil ibrium o r b i t  is  de- 

signed i n  three dimensions. I t  w i l l  be shown t h a t  many des i rable  f e a t u r e s  stem from 

t h i s  b a s i c  pr inciple  which permits the design, a t  l e a s t  on paper, of an i n t e r e s t i n g  

new c laes  of accelera tors .  
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Fig. 1 Diagrnm of beam path with both r ad i a l  and ax i a l  separation. Aooolerating gaps 
a r e  indicated by dots  along the  beam path. The RF voltages a t  the gaps joined 
by dashed l i n e  nre  i n  phase. 

Assume t h a t  an equil ibrium o r b i t  e x i s t s  and t h a t  an  ion i n  t h i s  o r b i t  descr ibes  

a curve resembling a spi ra l -hel ix ,  Such a path is shown schematically i n  Fig. 1. Let 

t h i s  equil ibrium o r b i t  be in te r sec ted  by a number of planes whose oommon l i n e  of i n t e r -  

sec t ion  l i e s  along the z a x i s  and which a r e  equally spaoed i n  azimuth about the  z ax i s ,  

as indicated i n  Fig. 1. Nm assume t h a t  a t  each po in t  of in te r sec t ion  of these planes 

wi th  t h e  equil ibrium o r b i t  an RF acce le ra t ing  vol tage  is applied ac ross  a gap and so  

d i rec ted  as to  acce le ra te  ions along the equil ibrium orb i t .  Let a l l  the RB val tages  a t  
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a given azimuth be i n  phase and l e t  t h e r e  be 2 N  such a c c e l e r a t i o n  gaps p e r  tu rn ,  

corresponding to N planes. I f  the ampli tudes of the  RFv o l t a g e s  a r e  maintained con- 

s t a n t ,  then the r o t a t i o n a l  frequency of an  ion  on t h e  equi l ibr ium o r b i t  can be made 

cons tan t  by s u i t a b l e  programing of t h a t  o r b i t  pa th  i n  space. The necessary cond i t i on  

f o r  isochronism is  t h a t  t he  mean magnetic f i e l d  s t r e n g t h  a t  the equ i l i b r ium o r b i t  vary  

as yBo, where B. is the  f i e l d  s t r e n g t h  corresponding t o  ze ro  energy. The a c t u a l  mag- 

n e t i c  f i e l d  d i f f e r s  from the mean, however, because allowance must be made f o r  the  RF 

gaps and any s t r a i g h t  s e c t i o n s  introduced around the  machine. To maintain synchro- 

nism w i t h  t h e  RF the s t r a i g h t  s e c t i o n s  must occupy an  i n t e g r a l  number of ha l f -per iods  

a t  a l l  r a d i i  and, so ,  might more accu ra t e ly  be  termed wedge-sections. 

I n  any a c c e l e r a t o r  i t  is necessary f o r  t h e r e  t o  be  some r e s t o r i n g  fo rce  t o  a o t  

on ions  which d e v i a t e  from the equ i l i b r ium o r b i t .  Of t h e  two b a s i c  types, 'weak' and 

' s t rong1  focusing,  i t  is n a t u r a l  t o  f avo r  the l a t t e r  because of the  smal le r  a p e r t u r e s  

t h a t  can b e  used. However, t he  p o t e n t i a l l y  enormous sav ing  i n  a p e r t u r e  which s t r o n g  

focus ing  should permit  is  not  u s u a l l y  achieved. This  is  because of t h e  many resonances 

t h a t  can occur between t h e  i o n s  and c e r t a i n  p e r i o d i c i t i e s  i n  t h e  guid ing  f i e l d ,  caus ing  

a growth of b e t a t r o n  ampli tudes and subsequent l o s s  of i ons  from the  beam. 

I f ,  however, t h e  i ons  p a s s  any g iven  po in t  i n  the machine only once du r ing  the 

e n t i r e  process  of a c c e l e r a t i o n ,  t hen  many of the  resonances a s s o c i a t e d  wi th  s t r o n g  

focus ing  machines a r e  e l imina ted ,  I t  i s  apparent  t h a t  the  h e l i c a l  pa th  of the  equ i l i b -  

rium o r b i t  i n  t h e  proposed machine is of t h i s  s ingle-pass type. Idea l ly ,  i f  t he re  is 

no coupling between tu rns ,  then a l l  i n t e g r a l ,  sub in t eg ra l ,  and e r r o r  resonances can  be 

e l imina ted ;  even the  coupling resonances could  be avoided. This  r e s u l t  fo l lows  

because t he  ' ~ o r k i n ~ - ~ o i n t '  on t he  s t a b i l i t y  diagram can move i n  a d iscont inuous  manner, 

jumping over  a  resonance l i n e  i f  necessary;  the magnetic f i e l d  g r a d i e n t s  can be 

changed i n  a d iscont inuous  way a t  chosen p o i n t s  a long  t h e  o r b i t .  I n  the i d e a l  case,  

t he re fo re ,  only t he  b a s i c  i n s t a b i l i t i e s  common t o  a l l  AG systems e x i s t  and these  p r e s e n t  

no d i f f i c u l t y  i n  design.  

I f  a  p e r f e c t  guide f i e l d  could  be c o n s t r u c ~ e d ,  t hen  t h e  upper l i m i t  on t h e  f i e l d  

g rad i en t s  would be s e t  s o l e l y  by the  cond i t i on  f o r  s t a b i l i t y .  Jn  p r a c t i c e ,  t he  

advantages accrued  by us ing  l a r g e  n va lues  a r e  f i n a l l y  o f f s e t  by the e r r o r s  in t roduced  

i n  c r e a t i n g  the f  i e ld s .  A reasonable  compromise is  achieved i f  t he  be t a t ron  frequency 

is made about  an order  of magnitude g r e a t e r  than the o r b i t a l  frequency. 

The ques t ion  of how r a p i d l y  a beam, i n i t i a l l y  c l o s e  t o  t h e  equ i l i b r ium o r b i t ,  

spreads  as a r e s u l t  of random f i e l d  e r r o r s  is  very  important ;  t h i s  f i x e s  the  accuracy 

wi th  which e lements  should be made. Pre l iminary  e s t i m a t e s  i n d i c a t e  t h a t  t o l e r ances  on 

mechanical adjustment  could  be about +- 1/100 in ;  oentered  on the i dea l  o r  equ i l i b r ium 

o r b i t .  The corresponding f i e l d  e r r o r  is  about  1 p a r t  i n  1000, which is  a moderately 

r e l axed  to l e r ance  f o r  a f i x e d - f i e l d  machine. The e f f e c t  on to l e r ances  of imposing the 

cond i t i on  t h a t  ad jus tments  cou ld  be made where necessary t o  ' t une '  the  system a r e  
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simply n o t  known. Some conc lus ions  might be drawn i n  t h i s  r e spec t  from the  very  

suooess fu l  hand tuning o f  s e ve r a l  AVF oyc lo t rons .  

I n  comon wi th  o the r  o r b i t a l  machines u s i n g  AG focusing,  t h i s  machine e x h i b i t s  

a l a r g e  degree of momentum compaction. A d i r e c t  r e s u l t  i s  t h a t ,  provided the RF vo l t age  

exceeds a c e r t a i n  c r i t i c a l  va lue ,  the ions  show phase s t a b i l i t y  of motion w i th  r e s p e c t  

t o  t he  RF. The major advantage of phase-s tab le  motion i s  t h a t  non-synchronous i ons  a r e  

s u c ce s s f u l l y  aooe le ra ted .  The d i sadvantages  a r e  t h a t  ions  on the  average gain l e s s  

than the maximum energy  p o s s i b l e  p e r  gap c r o s s i n g  and t h a t  t h e r e  i s  a spread  i n  energy 

of the  ions  about t h a t  of the synchronous ion  a t  a l l  energ ies .  A s  u sua l ,  the  advantages 

f a r  outweigh the disadvantages.  

To genera te  the  RF vo l t a ge s ,  it i s  proposed t h a t  a c a v i t y  system be  used, of t he  

type i l l u s t r a t e d  i n  Fig. 2. Resonant o a v i t i e s  of t h i s  type have been c a r e f u l l y  s t ud i ed  

and appear  to  be eminently s u i t e d  t o  t h i s  machine. Although i t  i s  p o s s i b l e  t o  cons ider  

t h e  e n t i r e  RF system as p a r t  of one extremely l a rge  cav i t y ,  snaking i t s  way a l t e r n a t e l y  

up  and then  down t h e  r a d i a l  spaces  between the magnet s e c t o r s  encompassing the  e n t i r e  

r i n g ,  it is probably no t  t h e  b e s t  s o lu t i on .  A reasonable  s o l u t i o n  is t o  make the  

system o u t  of s e v e r a l  i d e n t i c a l  p a r t s ,  each c a v i t y  f i l l i n g  one o r ,  a t  the  most, two 

r a d i a l  spaoes. The eevera l  c a v i t i e s  aou ld  then be c o r r e c t l y  phased by c o n t r o l  of t he  

a m p l i f i e r  s t a g e s  f e ed i ng  the  o a v i t i e s .  

z 
AXIS 

Fig. 2 Sketch of part of suggested radio-frequenoy oavi ty  system. The 
e l e o t r i c  f i o l d  i s  a maximum a t  the centre of the oavi ty  and is 
paral le l  t o  the path of the ions .  
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I f  i t  is  assumed t h a t  a cav i ty  system of the proposed type can be designed, then 

i t  i s  of i n t e r e s t  t o  examine why the system is apparently more e f f i c i e n t  i n  the t rans-  

f e r  of power t o  the beam than is a l i n e a r  accelera tor .  With a pill-box s t r u c t u r e  taken 

as representa t ive  of a l inac ,  a  comparison of the systems y i e l d s  reasons which a r e  two- 

fold.  F i r s t ,  the  amount of cav i ty  per accelera t ion,  that is,  the t o t a l  surface a rea  of 

a cav i ty  divided by the number of beam passes, is l e s s  i n  the  proposed case. Secondly, 

the s t rengths  of the e l e c t r i c  f i e l d s  a re  a l s o  less .  I t  appears t h a t  these two f a c t o r s  

a r e  approximately equal i n  importance i n  causing an overa l l  reduct ion i n  the power 

losses  r e l a t i v e  t o  an equivalent  l inac.  I n  prac t i c e  a ten-fold reduction i n  power l eve l  

should e a s i l y  be achieved. 

To achieve dimensional s t a b i l i t y  each cav i ty  would be enclosed within a vacuum 

chamber. Fortunately, the  a l t e r n a t i o n  of cavi ty  and magnet s t ack  around the machine 

makes i t  possible t o  balance out  most of the atmospheric forces  by tying each vacuum 

chamber t o  the adjaeent magnet stacks.  

The bas ic  p roper t i e s  of the magnet have a l ready been suggested. An important 

f ea tu re  of the stacked arrangement of poles is the high magnetic e f f  icieney whioh can be 

obtained. I n  addi t ion,  the  several  p a r t s  forming the magnet a r e  not ,  individual ly ,  

e i t h e r  large  o r  i n t r i c a t e .  I t  i s  possible t h a t  the magnet may be constructed from N 

sect ions  of i d e n t i c a l  magnet blocks, the v a r i a t i o n s  required i n  passing from c e l l  t o  c e l l  

being absorbed i n  adjus table  pole t ips .  Cer ta in ly ,  a t  the high energy end t h i s  would 

be true. A t  low energies, however, i t  might be necessary to make some coarse allowance 

f o r  the rapidly  changing o r b i t  r a d i u s  i n  the w i n  magnet blocks. 

The an t i c ipa ted  mean f i e l d  s t r eng th  on the equil ibrium o r b i t  is not high, a typ- 

i c a l  value being about 5 kG f o r  a l GeV machine. Tn the main body of the magnet, there- 

fore,  sa tu ra t ion  e f f e c t s  a r e  unilllportant. To achieve the f i e l d  g rad ien t s  necessary f o r  

the focusing of the beam, i t  is  proposed t h a t  pole- t ip  i n s e r t s  be used of the  type shown 

i n  cross-section i n  Fig. 3. These i n s e r t s  could be al igned accurate ly  during manufac- 

ture  and then simply s l ipped between the  p a r a l l e l  f aces  of the magnet stacks. Final  

adjustment of the  magnetic f i e l d  would then cons i s t  of moving each i n s e r t  t o  give the 

des i red  mean f i e l d  at  the  equil ibrium orb i t .  An a t t r a c t i v e  f e a t u r e  of t h i s  arrangement 

i s  the e s s e n t i a l l y  complete decoupling between adjaaent turns i n  a given sec to r .  This 

is  a r esu l  t of the  l m  mean f  i e ld  s t rength  and the intermediate magnetic equipotent ia l  

surfaces  forming the magnet stacks.  

To energize the magnets, c o i l s  could be wound around each pole face  o r  s t ack  

f  orning one of the 2 N  sec tors .  A more d e t a i l e d  study f o r  a proposed 1 GeV machine 

indicates ,  however, tha t  a more e f f i c i e n t  arrangement could be produced by winding the 

sec to r s  co l l ec t ive ly ,  so as t o  form quadrants, a s  suggested schematically i n  Fig. 4. 

This f igure  shows two addi t ional  fea tures .  F i r a t ,  s ince  the d i m e  t i o n  of motion along 

the z a x i s  i n  passing t o  successive turns  i s  unimportant, the motion could, i f  necessary, 

be reversed a t  a  s u i t a b l e  point a long the f l i g h t  path. Such a procedure r e s u l t s  i n  a 
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more e f  f  i o i e n t ,  more r i g i d ,  and smal le r  magnet. Secondly, four  wedge-sec t i o n s  a r e  

ind iaa ted .  I n  each of these  s e c t i o n s  it is  suggested t h a t  small magnets be placed 

around t h e  f l i g h t  pa th  so  a s  to  d e f l e c t  the  i ons  i n  t h e  z d i r ec t ion .  I n  t h i s  manner, 

t h e  quadrants  forming the  magnet a r e  a l l  i n  t he  hor izonta l  plane,  which should g rea t ly  

s imp l i fy  the cons t ruc t ion  and alignment of t h e  machine. Provis ion  could  81 so be made 

i n  t he se  s ec t ions  f o r  t h e  e x t r a c t i o n  of t he  beam a t  in te rmedia te  energies .  

NON 

SCALE (in.) 

' TUBE 

i I M  

EUPTICAL TUBE 

l 
RF CAVITY -- -- - -- -4- 
Big. 3 Detail showing cross-section of the pole-fa00 insert and the beam flight tube. 

Big. 4 Artists impreseion of a large SOC cyclotron, showing quadrants and wedge-sections. 
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ENERGY RANGE 

0 TO 0.5 MeV 

0.5 TO 15 MeV 

45 TO ( 2 0  MeV 

420 TO 1000  MeV 

TYPE OF MACHINE 

COCKCROFT- WALTON 

CONTINUOUS WORKING L INAC 

SEPARATED ORBIT CYCLOTRON 

SEPARATED ORBIT CYCLOTRON 

MeV 

Fig. 5 An acce lerator  system f o r  1000 MeV protons. 

Fig. 6 Plan vicw of one quadrant of  the second-stngc SOC. 

Fig. 7 Radial cross-section shoring the nrrangsmnt of the magnet stacks,  c o i l s ,  and 
supports i n  re lat ion t o  the RF cavity.  

Proceedings of the International Conference on
Sector-Focused Cyclotrons and Meson Factories

Geneva, April 23-26, 1963 CYC63H03



Seseion VIII 

0 1 - 
SCALE (ft) 

Fig. 8 Horizontal sec t ion  through the second s tage  showing r o l a t i v e  pos i t ions  of the 
RF: cav i t i e s ,  the mngnet s tacks ,  and the  magnet support s t ruc ture .  

I n  applying these p r i n c i p l e s  t o  a l a rge  machine i t  is convenient to s p l i t  the 

ove ra l l  system i n t o  several  smal le r  acce l e r a to r s ,  each p a r t  intended f o r  a d e f i n i t e  

energy range wi th in  which i t  can be designed f o r  optimum operat ion.  Such a breakdown 

f o r  a 1 CeV machine is shown i n  Fig. 5. Some r e l e v a n t  numbers a r e  shown i n  Table I 

f o r  the p a r t  covering t h e  energy range from 15 MeV t o  120 MeV. I n  Table I1 s imi l a r  

numbers a r e  shown f o r  t he  120 hIeV t o  1 GeV pa r t .  A p lan  view of one quadrant of the 

last p a r t  i s  shown i n  Pig. 6, a r a d i a l  c ross -sec t ion  i n  Fig. 7, and a hor izonta l  

m o t i o n  R-R i n  Fig. 8. 

r 
Table I 

Separated Orbi t  Cyclotron, 15 t o  120 MeV 

Type Simple Helix 

Number of eeotora 44 

Number of t u r n s  25 

Central  magnetio f i e l d ,  B. 2.5 kG 

Cyclotron r a d i u s  u n i t ,  R- 12.4 m 

Radius a t  i n j e o t i o n  2.18 m 

Radius a t  e x  t r a c t i o n  5.7 m 

Magnetic f i e l d ,  mean peak 4.0 kC 

Magnet weight  120 tons  

Magnet power 580 kW 

Weight of copper 112 tons 

RF frequency 170 Mc/s 

Cap vo l t age  100 kV 

RF power l o s se s ,  a t  9 = 20' 2.0 MW 
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Table 11 

Separated Or ib t  Cyclotron, 120 t o  1000 MeV 

Number of s e o t o r s  100; t u r n s  60 

Cent ra l  nagnet io  f i e l d ,  B. 2.25 k~ 

Cyolotron r a d i u s  u n i t ,  Rao 14.1 m 

Radius, a t  i n j e c t .  6.5 m; a t  ex t r ao t .  12.2 m 

Magnetic f i e l d ,  mean peak 4.9 kG 

Magnet weight,  c o i l s  280 tons;  t o t a l  530 tons  

Nagne t suppor t  s t rua  t u r e  290 tons  

Magnet power 2.3 MW 

RP frequenoy 170 Mo/s 

Gap v01 tage 150 kV 

RP power l o s s e s  and beam (9 = 20") 9.0 MW 

z-motion magnets, t o t a l  weight 64 tons  

Ext rac ted  cu r r en t ,  mean 1.0 mA 

Extraot ion  ef f  i c i ency  10% 

Duty cyc le ,  micro. 9%; maoro. 106 

Est .  c o s t ,  p e r  watt of  beam $16 

Est. t o t a l  c o s t  of machines f o r  0 t o  2000 MeV 

$16 X 106 o r  b5.7 X 106 o r  SF.64 X 106 

A t  t h i s  po in t  a summery of the basic  p r o p e r t i e s  of t h i s  machine i s  perhaps 

pe r t i nen t .  I n  review, then, the  Separated-Orbi t Cyclotron e x h i b i t s  the fo l lowing  

p rope r t i e s :  

1) Continuous beam output ,  as i n  a n  FP oyolotron 

2) High t ransverse  s t a b i l i t y ,  as i n  a n  AG synchrotron 

3)  Phase s t a b l e  i n  l ang i tud ina l  motion, as i n  a synohrotron 

4) Whole beam convenient ly ex t rao ted ,  as  i n  a l i n a o  

5 )  Output energy oan be v a r i e d  i n  s t e p s ,  as i n  a l i n a a  

6) No s e r i o u s  i n s t a b i l i t y  resonances 

7) Good q u a l i t y  e x t r a c t e d  beam, as i n  a l i n a a  

8 )  Compaot l oaa t ion ,  as i n  a cyc lo t ron  

9) No upper l i m i t  on energy, as i n  a l i n a o  

I n  t he  l i g h t  of t h e s e  cons ide ra t i ons  i t  is  thought t h a t  suoh a maohine is wel l  

s u i t e d  t o  serve  as e i t h e r  a meson f a c t o r y  o r  as an i n j e a t o r  t o  a seoond aoce l e r a to r ,  

o r  both i f  t he  second machine is  operated i n  a pulsed  manner. 

I n  conclusion,  the  au tho r  wishes t o  thank the  s t a f f  of the  Elec t ronuolear  

Div is ion  at the Oak Ridge National Laboratory f o r  t h e i r  encouragement. 
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DISCUSSION 

LAPOSTOLLE : Regarding t h e  va r i ab le  energy by s t eps  as i n  the l inac ,  there  is some 
di f ference  i n  t h a t  with a l i n a c  the  beam is  i n  the same place a t  the d i f f e r e n t  energies.  
You can even have a continuous adjustment of the energy. In  the SOC the beam is  i n  
d i f f e r e n t  places a t  the various energies. So you cannot ge t  a continuous quick energy 
change on a f ixed  t a r g e t  a s  you can g e t  i n  the l inac .  

SNBLL : Yes, you have to  do something to  move the beam t o  the experiment. 

KERST : The way people have been drawing cyclotron o r b i t s  leaves them separated because 
you want small phase acceptance; why not ge t  r i d  of the  yoke and put i ron  i n  between 
the  separa ted orbi ts .  

SNELL : You say, why not squash i t  a l l  f l a t ?  

KERST : Right. Then you a r e  back t o  a cyclotron. You could p u t  the i ron  between the 
separated o r b i t s  bu t  then you qon ' t  have space f o r  ampere turns. I f  you could r e a l l y  use 
superconductivity, then couldn t you put  i t  i n  the one plane? 

SNELL : You would lose  the advantage tha t  you can e x t r a c t  a t  various energies  i f  you 
squashed it f l a t .  

LAWSON : I f  you squash t h e  machine f l a t ,  the o r b i t s  w i l l  be too close a t  high energies. 
You see  from the f i g u r e  t h a t  the  rad ia l  separa t ion a t  high energy is small. 

LIVINGOOD : I believe the squashed f l a t  v a r i e t y  was proposed many years ago by Gallop 
i n  England. A t  t h a t  time s t rong  focusing was not known, and he was contemplating a 
s e r i e s  of weak focusing magnets and a very loosely wound s p i r a l  s o  t h a t  the machine 
would cover a very large  area .  I t  was e s s e n t i a l l y  a l inac  wi th  weak focusing cyclotron 
magnets d i s t r i b u t e d  along the path. 

BRUCK : This device resembles t h e  constant-radius Okhawa e lec t ron  cyclot ron t h a t  could 
perhaps be generalized f o r  non-constant radius. The advantage of t h i s  could possibly 
be simpler magnet s t r u c t u r e  and e a s i e r  precis ion requirements on alignment. 

LAWSON : This macqine d i f f e r s  from t h a t  of Okhawa i n  t h a t  the o r b i t s  a r e  t ru ly  
separated. Okhawa a machine, f o r  example, w i l l  still s u f f e r  from integra l  resonances. 

SYMON : I was not q u i t e  sure t h a t  I understood the po in t  about e l iminat ing the 
pe r iod ic i ty  so a s  to avoid resonances. I had always thought t h a t  the  advantage of a 
periodic machine was t h a t  i t  does have resonanoes, consequently the spectrum of imper- 
f ec t ions  is concentrated a t  narrow resonances and i f  you keep the  o s c i l l a t i o n  
frequencies away from these  resonanoes they a r e  s table .  I f  you have a machine which is 
not  periodic but has t h e  sane amount of imperfectiona, then the  spectrum of these 
imperfections is  continuous and, consequently, a t  any o s c i l l a t i o n  frequenoy the 
o s c i l l a t i o n s  a r e  driven and they gran, although, of course, they grow much more slowly 
than they would i n  a per iodic  machine i f  Q is on a resonance. 

LAWSON : I n  a cyclotron,  operating a t  f ixed  frequency, one cannot s t a y  between resonan- 
ces,  one must pass  through them. 

KERST : This reminds me of a suggestion by C h r i s t o f i l o s  i n  1953, t o  avoid resonances 
by modulating the  Q-values. The problem was s tud ied  by Courant and Snyder. I n  t h a t  
case, i t  d i d  not work f o r  the reason pointed out by Symon. However, you a r e  presenting 
something d i f f e r e n t  and you may get  by i n  t h i s  p a r t i c u l a r  s i tua t ion .  
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