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We have made a s tudy  of a  fixed-energy AVF machine. This  machine a c c e l e r a t e s  

pro tons  t o  an  energy  of about  27 MeV. The po le  d iameter  is  1.40 m, t he  mean gap 

24 cm and t h e  magnetic induct ion  at t h e  cyc lo t ron  c e n t r e  13300 gauss. 

A s  the magnetic f i e l d  is f i x e d  we need n o t  take  i n t o  aacount  the inf luence  of 

s a t u r a t i o n  e f f e c t s  i n  t h e  pole. Thus i t  is  not  necessary  t o  bevel t h e  edges of t he  
1 segments as has been done f o r  t h e  P h i l i p s  variable-energy Am Cyclotron' . The 

magnetic f i e l d  i s  of  t he  s p i r a l - r i d g e  th ree  sec  t o r  type. There a r e  no c i r c u l a r  o r  

harmonio c o i l s  t o  a d j u s t  the f i e l d  shape. The pole  segments must be shimmed s o  t h a t  

s u f f i c i e n t  isochronism and v e r t i c a l  f  ocusing is  reached over  the whole a c c e l e r a t i o n  

region. 

1Ve have measured the magnetic f i e l d  f o r  t h i s  cyc lo t ron  i n  a model magnet. 

Measurements a t  s e v e r a l  e x c i t a t i o n s  show a v a r i a t i o n  of the f i e l d  shape due t o  sat- 

u r a t i o n  e f f e c t s  i n  t h e  i ron .  For a magnetic i nduc t ion  of 14900 gauss a t  the  c e n t r e  

the  i nc rease  w i th  r a d i u s  of t h e  mean magnetic induct ion  is diminished such t h a t  the  

f i e l d  shape i s  s u i t a b l e  f o r  t h e  a c c e l e r a t i o n  of deuterons  (and a lpha -pa r t i c l e s )  t o  a n  

energy of 16 MeV (32 hleV). 

The Magnetic F i e l d  

The main cond i t i ons  f o r  t h e  magnetic f i e l d  a re :  1) isochronism f o r  pro tons  and 

f o r  deuterons  ( a lpha -pa r t i c l e s ) ,  and 2)  s u f f i c i e n t  v e r t i c a l  focusing. 

We e t a r t  w i t h  t he  v e r t i c a l  focus ing  condi t ion .  The magnetic f i e l d  has  a three-  

f o l d  s y m e t r y .  The ampli tude of the t h i r d  harmonic AJ is  about  0.25. The s p i r a l  angle  

y of the  segments is chosen s o  t h a t  enough v e r t i c a l  focus ing  is acquired.  The r e l a t i o n  

tany = rdcp/dr d e f i n e s  t h e  s p i r a l  angle  ( r  = t he  r a d i u s ,  cp = the phase of t h e  t h i r d  
0 

harmonic). A t  a r a d i u s  of 55 cm, y = 48 , and v' = &A: (1 + 2 tan2y)  - k B 0.05, where z 
t h e  f i e l d  index k U 0.06 is determined by t h e  cond i t i on  f o r  isochronism f o r  27 MeV 

protons.  Th i s  f o r m l a  g ives  a rough i d e a  about t he  focus ing  p rope r t i e s .  For b e t t e r  

e s t ima t ions  we used  the a n a l y t i c a l  f o m l a  given i n  Ref. 2. 

I f  t h e  focus ing  f o r  pro tons  is suf f  i c i e n t ,  then t h i s  i s  a l s o  the case f o r  deuterons 

( a lpha -pa r t i c l e s ) ,  s i n c e  f o r  these  t h e  va lue  of k is  less .  Due t o  s a t u r a t i o n  e f f e c t s  

t h e  amplitude A3 decreases  somewhat w i th  i n c r e a s i n g  magnetic induct ion ,  bu t  t h i s  is  

not se r ious .  

I n  t h e  c e n t r a l  r e g i o n  the v e r t i o a l  focusing,  o r i g i n a t i n g  from the  magnetic f i e l d  

tends  t o  zero. However, i f  the p a r t i c l e s  start a t  a phase of  -20' wi th  r eapec t  t o  
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Fig. 1 The v e r t i c a l  f o c u s i n g  v e r s u s  r a d i u s  f o r  d e u t e r o n s  and  p ro tons .  The d o t t e d  

c u r v e  i n  t h e  c e n t r a l  r e g i o n  r e p r e s e n t s  Lhe c o n t r i b u t i o n  from t h e  w g n e t i c  
f i e l d ,  t l ic  o t h e r  p a r t  a r i s e s  Sroln the  c l c c t r i c  focus ing .  

Fig. 2 The shape  o f  t h e  p o l e  segments. 

the  phase of the  RF, t he re  w i l l  be s u f f i c i e n t  e l e c t r i c  focusing. In Fig. 1 v' i s  
S 

given versus r ad ius  f o r  both p and d(a) .  One sees  the contr ibut ions  from the mag- 

ne t i a  f i e l d  and the e l e c t r i c  f i e l d  between dee and dummy dee at  t h e  oentre.  

The condit ion f o r  isoehronism is presaribed by Eq. (5, 6) of Ref. 2. A s  was 

cheaked by co~nputer r eou l t s ,  t h i s  formula is s u f f i o i e n t l y  accura te  (Fig. 3 of Ref. 2).  

We have made pole segments which by a f i r s t  est imation should give a reasonable 

isochronous f i e l d  f o r  protons. After t h i s  the magnetic f i e l d  and the influence of 
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Fig. 3 The isochronous f i e l d  f o r  protons. 

Fig. 4 The ~ B n s o  s l i p  of  pro tons  versus  rad ius .  I 
shims and trenches have been measured. With all t h i s  information a second est imation 

w a s  r rde  f o r  the  top  surfaae of t h e  segments. After  a few s teps  we a r r ived  a t  a pole 

segmmnt whieh should give isochronism fo r  protons (Fig. 2). 

The mean magnetic induction as a f u m t i o n  of radius  is given i n  Fig. 3. Here 

the dot ted  aurve i s  the isochronous f i e l d  prescr ibed by the theory, and the f u l l  l i n e  

represents  the  rea l  i zed  f i  eld. 

The phase l a g  at  d i f f e r e n t  r a d i i  i s  sharn i n  Fig. 4. We see  t h a t  due t o  the 

higher f i e l d  i n  the  centre  the phase o s c i l l a t e s  about 0'. For the ca lcu la t ion  of the 

phase s l i p  we have assumd a dee voltage of 50 kV, so  the  energy gain is  100 keV/turn. 

The frequency of the  RP o s c i l l a t o r  is 20.4 ~ a / s  f o r  protons i n  a magnetic f i e l d  of 

13300 gauss. 

A s  mentioned i n  the in tmduc t ion  the shape of the  magnetic f i e l d  v a r i e s  wi th  

d i f f e r e n t  exci ta t ions .  A t  a f i e l d  l e v e l  of 14900 gauss we f i n d  a shape whieh i o  r a t h e r  

we1 l adapted f o r  the acce l e r a t  ion of deu terons  (a lpha-par t ic les)  . We have assumed 

a l s o  here a dee vol tage  of 50 kV. The RF frequency is 11.6 hfa/s. Ifl Fig. 5 the 
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Fig. 5 The isochronous f i e l d  f o r  deuterons  (a lpha-pur t ic les ) .  - R  

Fig. 6 The phase s l i p  of deuterons  ( a l p h a - p a r t i c l e s )  versus  rad ius .  

isoohronous and a o t u a l  f i e l d  shape f o r  deuterons a r e  represented  by the  do t t ed  and the 

f u l l  l i n e  respeot ive ly .  The phase s l i p  of t h e  deuterons as a fum t i o n  of r ad ius  is 

shown i n  Fig. 6. Here a l s o  the  phase o s c i l l a t e s  about  0'. The phase of -20' i n  the  

e e n t r e  f o r  both pro tons  and deuterons i s  advantageous f o r  t he  v e r t i o a l  foousing. 

Although i n  the  oase  of deuterons the  phase l a g  inoreases  sonewhat i n  the oen t r e  i t  

is never t o o  l a r g e  d u r i n g  the  whole aoce le ra t ion .  The f i n a l  r a d i u s  is  about 56 om. 

The energy of the deuterons (a lpha-par t io les)  a t  t h a t  r a d i u s  is 16 MeV (32 MeV). 

I n  t h e  model we d i d  not  take  speo ia l  preoaut ions  t o  shape the magnetia f i e l d  

suoh that i t  beoame s u i t a b l e  f o r  aooe le ra t ion  of both pro tons  and deuterons.  With 

small e f f o r t ,  however, add i t i ona l  s a t u r a t i o n  oan be provided f o r  i n  the pole  segments 

t o  improve the f i e l d  p rope r t i e s .  

References 

l. N.F. v e r s t e r  e t  al., Nuol. I n s t r .  and Meth. 18-19, 88-92 (1962). 
2. H.L. Hagedoorn and N.F. Vers ter ,  Nual. I n s t r .  and Meth. 18-19, 2 1-208 (1962). 

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

Geneva, April 23-26, 1963 CYC63F07



Sess ion  V 1  

DISCUSSION 

REISER : The phase du r ing  the  e a r l y  t u r n s  is always negat ive  i n  the  deuteron case.  
Did you check whether your e l e c t r i c  focus ing  is s u f f i c i e n t ?  

HAGEDOORN : For e l e c t r i c  f m u s i n g  a negat ive  phase is favourable.  Thus t h i s  nega t ive  
phase i n  t h e  c e n t r a l  r e g i o n  is not harmful f o r  t h e  beam. The only disadvantage is the  
l o s s  of isochronism; bu t  t h i s  is not  too s e r i o u s  e i t h e r  a s  s t i l l  80 t o  9% of the dee 
v01 tage w i l l  be a v a i l a b l e  f o r  t he  acce l e r a t i on .  
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