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I SOCHRONOUS CYCLOTRONS 
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Labora to i re  de  Physique Nucleaire, Orsay 

(Presented  by C. Bieth)  

The isoohronous heavy-ion cyolo t ron  (CEVIL) a t  Orsay is based on t h e  use of 

m a t e r i a l s  of d i f f e r e n t  magnetio p r m e a b i l i  t i e s '  ). This  method o r e r c o w s  the  neoess i ty  

of us ing  c i r c u l a r  t r i laning c o i l s .  The c o i l s  plaoed i n  t h e  v a l l e y s  a r e  s u f f i o i e n t  t o  

a s su re  iaochronism f o r  the v a r i o u s  heavy ions  (e/m = 0.5 t o  0.1) acoe le ra t ed  i n  

aurgnetio f i e l d s  of between 5 and U. kG. The number of c o i l s  was reduoed t o  a minimum 

t o  f a c i l i t a t e  the  adjustments  of the  oyolotron. Each c o i l  c o n s i s t s  of only one t u r n  

so t h a t  i t  can be f a s t ened  t o  the p o l e  p ieoe  wi thout  i n s u l a t i o n  on the  conduotor. I t  

is  a l s o  worth not ing  t h a t  the  power d i s s i p a t i o n  i n  t h e  trimming c o i l s  i s  low (1% of 

the  t o t a l  magnet power). 

P r i n o i p l e s  of the Method used f o r  Correc t ion  

Meta l l i c  shimming is used f o r  a d j u s t i n g  the topography of the f i e l d  such t h a t  

a specified i o n  deso r ibes  a t h e o r e t i c a l  c losed  o r b i t 2 ) .  For t h i s  ion, descr ibed  a t  

each po in t  by its i n t r i n s i c  coordina tes ,  p,a ,  we have 

wi th  p = ~ [ l  + A(R, a ) ]  and (R) = B; (R) ,  

and where A i s  the  modulation law, B' the isoohronous f i e l d ,  and the average f i e l d  

over  an equi l ibr ium o r b i t .  For another  p a r t i c l e  t h i s  equation w i l l  become 

Since there  is no o o r r e c t i o n  on the  h i l l s ,  a l l  t he  c o r r e c t i o n  has t o  be done i n  

t h e  v a l l e y s .  To maintain a cons tant  average f i e l d  a t  t h e  me8.n r ad ius  of the  e x i t  

o r b i t  t he  main f i e l d  i s  inoreased by an amount 

The isoohronous l a w  i s  then ad jus t ed  by t h e  co r rec t ion  c o i l s ,  giving 
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E2(R) 

B2 = with  %(R) = B;(R) , 
1 + Xp ( P ,  a )  

where X2(p,a) is t h e  new modulation law. The only means of determining the d i f f e r -  

ence between the  e f f e c t i v e  average f i e l d  and t h e  t h e o r e t i c a l  isochronous f i e l d ,  

i 2 ( ~ )  - B;(R), and how the modulation larr has been deformed, i s  by c a l c u l a t i n g  the 

c losed  o r b i t s  from t h e  co r r ec t ed  f i e l d .  

Choice of the Correc t ing  Coil  e s t e r  

The f i r s t  s t e p  c o n s i s t e d  i n  determining the  minimum number of c o i l s  requi red  t o  
-4 

give a maximum f i e l d  e r r o r  of l e s s  than  about  10 and hence i n  f i n d i n g  an  approx- 

imate value f o r  t he  co r r ec t ing  cur ren ts .  

Determination of t he  Theore t ica l  Correct ion:  These c o r r e c t i o n s  had t o  be 

es t imated  before  the  computer programmes f o r  t he  c losed  o r b i t s  which use  the measured 

f i e l d s  had been f in i shed .  This  l e d  t o  a choice between the  two fo l lowing  s imp l i f i ed  

proaedures: 

( a )  Calcu la t ion  of t h e  average f i e l d  due t o  each t u r n  Hi(r) and t h e  

de termina t ion  of a s e t  of c u r r e n t s  such t h a t  

This  assumes, on one hand, a knowledge of the  

f a c t  i t  i s  given a long  a t h e o r e t i c a l  o r b i t ,  

and, on the o t h e r  hand, t h a t  t h e  average 

f i e l d  i s independent of t h e  modulation, which 

i s  not  t rue .  

( b )  Ca lcu l a t i on  of t he  f i e l d  on the 

a x i s  of a v a l l e y  assuming t h a t  t h e  r e s u l t i n g  

f i e l d  c o r r e c t i o n  is  good f o r  the whole o r b i t  

and t h a t  the r a d i u s  f o r  which the  c o r r e c t i o n  

i s  c a l c u l a t e d  is not  a f f e c t e d  by v a r i a t i o n  

of the modulation. Calcu la t ion  has shown 

t h a t  an  i nc rease  of 0.s i n  X r e s u l t s  i n  a 

corresponding v a r i a t i o n  of  0.5 mm i n  r. 

(Fig. l). 

The second, and simpler ,  method w a s  

adopted. 

average f i e l d  along a c i r c l e  w h i l s t  i n  

B ( ~ ~ ' ~ a u s s  1 

Fig. 1 Correcting f i e ld  on the axis of a valley. 
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Let AB = Bi(0) - B:(o) be the increase  i n  the main f i e l d ,  then, supposing t h a t  

small v a r i a t i o n s  i n  the cur ren t  i n  the magnet have a l i n e a r  e f f e c t  on the whole pole 

face ,  t h e  f i e l d  a long the a x i s  of the h i l l  becomes 

t o  which corresponds a new modulation, 

The next s t e p  is t o  est imate the cor rec t ion  f i e l d  required f o r  an  average f i e l d  - 4 on the e x i t  o r b i t  of average rad ius  %, where BM and % are  constant .  

wi th  = + 99 P u t B  = - 
WP R' % M ~ C  

[- - l] ¶ 

where r is some parameter, then the f i e l d  i n  a va l l ey  w i l l  be equal t o  

and hence the correot ion B(r) required along t h i s  a x i s  is 

Determination of the Minimm Number of Coi ls  and Calculat ion of the Currents 

Preliminary t e s t s  on a 1/7 scale  model shoved t h a t  5 c o i l s  were s u f f i c i e n t  to  

produoe a cor rec t ion  B(r)  wi th  an  e r r o r  of 1%. The t e s t s  were made again on the 2 

meter nrrgnet wi th  a turn  every 2 cm. The 5 c o i l s  g iving the optimum correct ion were 

chosen on the  bas i s  of the r e s u l t s  from a computer ca lcu la t ion  (Fig. 2) .  The c l a s s i c a l  

least-squares method l eads  t o  a1 te rna t ive ly  p o s i t i v e  and negative cur ren t s  of more 

than 7,000 A f o r  a maximum correct ion f i e l d  of 300 gauss. I t  is  impossible t o  divide 
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- 254 - 
5 o o i l s  i n t o  two groups to be used oon- 

seout ive ly  i n  the least-squares method3). 

Thus, an  empirioal method had to  be adopted; 

i t  cons is ted  i n  ohoosing 5 po in t s  f o r  whioh 

the d i f  f erenoe between the theore t i a a l  and 

the  experimental f i e l d s  was zero 

5 
X I H ( l  - B l = 0 . 

i= 1 

Pig. 2 Triming co i l  valley. 

i n  such a way t h a t  the 

The r were chosen by suooessive permutations 
j 

e r r o r  w a s  evenly d ie t r ibu ted  and t h a t  the ourrents  were of the  

same s ign  and s u i t a b l e  in t ens i ty .  

The r e so lu t ion  of the  l i n e a r  system8 and the  ca lcula t ion  of the e r r o r s  was dons 

on the  CAB 500 oomputer. These oa loula t ions  gave the following ourrents  

65 A, 860 A, 1,060 A, 1,160 A, and 3,800 A 

f o r  the l n e ~ r i u m  correa t ions  (e/m = 0.1) a t  14 kQ. The e r r o r  on the a x i s  i s  l e s s  than 

4 G up t o  

R'?ux = 0.7 

For the o the r  ions, t h e  f i r s t -o rde r  f i e l d  oorreot ion  is proport ional  t o  

Measuring Apparatus. This includes a Hall-effeot  probe (Siemens FA 23) tempera- 
-B 

ture  s t a b i l i z e d  t o  l/loOc the  ourrent  of which i s  regula ted  t o  2 3 X 10 , and a oounter- 

v01 tage s t a b i l i z e d  t o  2 l X loa. The H a l l  p o t e n t i a l  due t o  the main f i e l d  is compared 

wi th  the  reference po ten t i a l ,  then a ourrent  of 2,000 A is sent  suooessively through 

eaoh c o i l  and the r e s u l t i n g  f i e l d ,  H.(r)  is measured. 
l 

Fie ld  Optimization 

The ef feo  t ive  influence of the c o i l s  on the  modulation i n  a l l  the sea to r s  hae t o  

be taken i n t o  aooount. A eer ie8  of meaeuremento of the  f i e l d  d i s t r i b u t i o n s  with and 

without oorreotion w i l l  be .ado a f t e r  the ahoren o o i l r  h v e  been mounted. 

The isoohronous oondit ion requi re8  
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where the r .  a r e  ohosen as before. 
J 

A oolaputer programme on t h e  IBM 706, 

of whioh a s impl i f ied  diagram i s  given i n  

Fig. 3, permits a oomparison of the  

oorreoted and theore t i ca l  f i e l d s .  The 

deformation AA, the e r ro r  AB on the 

normal to  the o rb i t ,  and the velooi ty  l a w  

oan be obtained from the e r r o r  AB/B oalc- 

u la ted  from the  i n t r i n s i o  ooordinates of 

the olosed o rb i t s .  This a m  be used t o  

give the new d i s t r i b u t i o n  of the oorreete 

f i e l d .  The ourrents  are reoaloulated i n  

the same manner to take in to  aooount the 

suooeasive modif ioa t ion  of the  average 

f i e l d .  

F l E L  D ERROR AB(r,,U 

~NTER~@LA~~U&&, , )  UEASURfWfNT 
er, H. w b i )  o f  Hi(r,#l 

\1 
o ~ r i r  o E r o n n r r i o ~  

f i  

61 ( p . 4  

ncf#nnArion OF r n E  
rnnen YIRAlAI tO ?N. 
onmb dp ( p  ,U j 

L 
PEfonnAriow OF THE 
YEI#C~TY uw CiT f R )  

Pig. 3 Computer programme d i a g r u .  
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DISCUSSION 

BERKES : What i s  t h e  maxiurn f i e l d  differenoe t o  be oorrected by the ooile? 

BIETH : It is about 300 gauss. 
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