
ORBIT STUDIES FOR A 72-INCH CYCLOTRON WITH LARGE SPIRAL ANGLE 

L.W. Baumhoff, FOP. Brady, G.A. Carlson, 

J.A. Jungerman, and J.A. McCray 

Universi ty of California,  Davis 

(Presented by J.A. ~ungerman) 

The object  of the  o r b i t  s tud ies  reported below w a s  t o  maximize the performance 

of the  72" magnet of the  Crocker 60" cyclotron f o r  use i n  a sector-focusing variable- 

energy accelerator.  Since the a x i a l  focusing forces inarease s t rongly  with the  

s p i r a l  angle for  a given f l u t t e r ,  high s p i r a l  angles allow low f l u t t e r  amplitudes 

with adequate a x i a l  focusing. Low f l u t t e r ,  i n  turn, allow a smaller average gap, 

which permits higher magnet ef f ic iencies .  The average magnetic f i e l d  can be higher 

for a given magnetic f i e l d  i n  the h i l l s ,  and the average radius  t o  which p a r t i c l e s  

can be accelera ted is increased. A schematic design is shown i n  Fig. 1. 

As has been pointed out by many workers1 ), a high s p i r a l  angle r e s t r i c t s  r a d i a l  

s t a b i l i t y  and forces non-linear resonances. The p r p o s e  of t h i s  study was ,  therefore,  

t o  determine how se r ious  these objections would be f o r  the energies and p a r t i c l e s  t o  

be accelerated. 

To provide a r e a l i s t i c  magnetic f i e l d ,  an approximate 1/4 sca le  model was 

constructed. Archimedian s p i r a l s  a t t a i n i n g  an  angle of 70' at ex t raa t  ion radius  (32" ) 

were employed with i ron  added i n  the  val leys  t o  isochronize approximately protons of 

80 MeV at  extract ion radius. The geometry is shown i n  Fig. 2. Model measurements of 

the f i e l d  poduced by concentric trimming c o i l s  were a l s o  made i n  the outer  radial 

region. A l i n e a r  program w a s  used t o  optimize c o i l  se t t ings .  Fig. 3 shows the 

average f i e l d  from t h e  i ron  alone and the  calcula ted f i e l d  from the l i n e a r  program. 

The isochronous f i e l d  shown is t h a t  provided by the analys is  of the i ron  f i e l d  by the  

Oak Ridge Code on the IBM 7090. 

The f i r s t  question t o  be answered is tha t  of adequate r a d i a l  s t a b i l i t y  i n  the 

isochronous region. A code was  wri t ten  t o  in tegrate  the equation of motion i n  the 

median plane for  a magnetic f i e l d  of three-fold symmetry with e i w s o i d a l  f l u t t e r  and 

Arahimedian spi ra l .  A r a d i a l  phase plane diagram at a hi l l -center  azimuth f o r  the 

aase of 84 MeV protons a t  28 in. and no f i r s t  harmonio is shown i n  Fig. 4. The 

s t a b i l i t y  l i m i t  was taken as t h e  radius  of the  o i r c l e  inscribed i n  the  l a r g e s t  s t a b l e  

region and aentered at  the equilibrium orbi t .  The parameter a is defined by the 

equation pr = p s i n  a, where p is the p a r t i o l e  momentum. S t a b i l i t y  l i m i t s  as a 

function of radius  and s p i r a l  angle f o r  both protons and N.+ ions were obtained from 
) similar diagram and compered with the ana ly t i ca l  values of Smith and Garrena . The 

aalnparison fo r  protons with 70' s p i r a l  angle i e  shown i n  Fig. 5. The f l u t t e r  
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Fig. 1 The 72" cyclotron magnet. 

L - PLAN VIEW 

amplitude w a s  constant  a t  0.155. 

A first-harmonic contr ibut ion t o  the magnetic f i e l d  was introduaed t o  s tudy its 

e f f e c t  on t h e  r a d i a l  s t a b i l i t y  l i m i t s .  For the case of protons at 28 in., with a 

70' s p i r a l ,  a 10  gauss f i r s t  harmonic decreased the  r a d i a l  s t a b i l i t y  l i m i t  t o  7% of 

i t s  no f i r s t  harmonic value; f o r  a 75' s p i r a l ,  the  rad ia l  s t a b i l i t y  limit was 
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decreased t o  64% of its no f i r s t  

harmonic value. The e f f e c t  is more 

ser ious  f o r  N4+. A t  28 in. with 70' 

s p i r a l ,  a 10 gauss f irst harmonic de- 

creased the  s t a b i l i t y  l i m i t  from 0.6 in. 

t o  0.3 in. The f irst harmonio amplitude 

whioh would give r i s e  t o  zero r a d i a l  

s t a b i l i t y  w a s  ca lcula ted f o r  t h i s  case 

from the ana ly t i ca l  formula of Hagedoorn 

and vers te r3 )  and was found t o  be 1 5  gauss. 

Since the  r e s u l t s  f o r  N4+ with f i r s t  

harmonic seem t o  be r a t h e r  marginal, i t  

may be necessary t o  increase the  f l u t t e r  

at inner r a d i i  t o  achieve adequate r a d i a l  

-1 4 F,,,-.,. s t a b i l i t y  for  N4+ par t ic les .  
L - 
To,,. srsthn A-A ( 6 K )  Fig. 6 summarizes the  r a d i a l  s t a b i l i t y  

Pig. 2 pole tip geometry for the 72" oyclotron. l i m i t s  i n  the  isochronous region for  the 

magnetic f i e l d s  used i n  the ex t rac t ion  

s tudies  reported below. In t h i s  case the f l u t t e r  amplitude w a s  adjusted s o  t h a t  

vz = 0.1 for t h e  various s p i r a l  angles and radi i .  

Extraction of a beam of 100 MeV protons is a ser ious  consideration. Since the  

high s p i r a l  angles force non-linear resonances, resonant extract ion would give very 

poor beam quality. Fortunately, the  favorable experience i n  e f f i c i e n t  e l e c t r o s t a t i c  

extract ion of p a r t i c l e s  from the  Berkeley 88" oyclotron encourages possible extension 

of tha t  technology. Studies made by M.J. Knox and I.E. McCarthy with the  CYBOUT code 

show t h a t  a def leo to r  length of 108' would d e f l e c t  100 MeV protons with 107 kV/cm, w i t h  

an ef f i c iency  of 40%b To achieve t h i s  
I I 

performance it is e s s e n t i a l  t o  begin deflec- 
R I I 

t i o n  a t  32" radius a f t e r  passage through the  1 1 / 1 1  
3/3 and Walkinshaw resonanaes. 717 

For invest igat ing beam properties ~ . . ~ C X ~ O X O U S  &D 

(XI IION 66'~ 
during passage from t h e  isochronous region t o  0 C I L C U L I ~ ~  

the e l e c t r o s t a t i c  de f leo to r  a code waa w r i t t e n  

fo r  t h e  IBM 7090 compte r  which in tegra tes  the  

axial and r a d i a l  equations of motion. Magnetic 

f i e l d s  off  the  median plane were l inea r i sed  i n  

the a x i a l  variable. The r a d i a l  dependence of 

the average ~lrrgnetic f i e l d  w a s  taken t o  be 

t h a t  of the  calculated f i e l d  of the 72" model 

Shown in  Fig. 3. A ninth-order p~lynomial  pig. 3 Radial profile for 80 UeY H+ bear. 
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P,. (Cyc/ofrsn U n i f s )  

Pig. G Radial phase-plane diagram. 

w a s  f i t t e d  t o  30 points i n  the 26 t o  33.75 in. region. The f i t  was good t o  one part 

i n  10' at the measured points. Sinae terms dr iving t h e  non-linear resonance6 a r e  of 
n n t  order of magnitude p /n . f o r  order n, these q u a n t i t i e s  were oalculated fo r  two 

values of r a d i a l  o s c i l l a t i o n  amplitude by means of the above polynomial. The r e s u l t s  

a r e  shown i n  Fig. 7 and 8. Thus, terms of a t  l e a s t  3rd order a r e  important from 

r a d i a l  der ivat ives  alone i n  t h i s  region, and fu r the r  non-linear e f f e c t s  w i l l  r e s u l t  

from the aontribution of the  f l u t t e r  and s p i r a l  angle. 

A oonstant sinusoidal  f l u t t e r  f o r  a given Arohimedian s p i r a l  angle w a s  used i n  

computer caloulations with the above polynomial for  the  rad ia l  dependence of the 

average f ie ld .  For s p i r a l  angles of 55', 70'. and 75", a t  32" radius, the f l u t t e r  

amplitude used w a s  0.304, 0.170, and 0.128 respectively, 

Fig. 9 shows the  r a d i a l  phase p l o t s  r esu l t ing  f rod in tegrat ion of a g r id  of 

i n i t i a l  conditions of radial o s o i l l a t i o n  from 29 t o  32" radius (def leotor  entranoe) 
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Fig. 5 Isoohronoua f i e ld  radial s tab i l i t y  l imit8 

I 

Fig. 6 Isoohronwa f i e ld  radial s tab i l i t y  l imits.  

Fig. 7 Approximate strengths of non-linenr driving terms from the radial derivatives,  

radial oocillation amplitude = &l1, E; = L, = '" . 
8 240 B d? 
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Fig. 8 Approximate strengths of non-linear driving terms from the radial derivatives. 

f o r  a s p i r a l  angle of 55', 70 kV w a s  assumed on a 180' dee. P a r t i c l e s  s t a r t e d  i n  

phase with the  RF at 29", gained about 30' of phase, and were about 45' behind i n  

phase a t  32". The g r i d  used corresponds t o  0.1" i n  r a d i a l  amplitude, with inner  

poin ts  a t  1/16". In a l l  cases the  i n i t i a l  axial amplitude was 0.25 in. 

Approximately the  same phase condit ions r e su l t ed  f o r  the  r a d i a l  phase p lo t s  at s p i r a l  

angles of 70" and 75', shown i n  Fig. 10. I n i t i a l  condit ions were identical t o  those 

of the  55' s p i r a l  case. 

For the  12-point input  g r i d  used above fo r  the 55' s p i r a l ,  the  e amplitude at 
nt 

ex t rac t ion  r ad ius  increased as muoh as 5/8 beyond the dee ape r tu re  i n  only one ease. 

In a l l  o the r  cases the  z amplitude at 32" w a s  the  same as o r  l e s s  than the  i n i t i a l  

l/bn amplitude. For 70" s p i r a l  t h e  f i n a l  z amplitude was 0.36n and 0.40" and beyond 

5/8t1 i n  only one case, A l l  o ther  oases of the  0.1" input g r i d  had decreased z 

amplitudes a t  extract ion,  For the  750 s p i r a l  3 cases of 0.1" i n i t i a l  amplitude 

exceeded 5/8" a t  approximately 85 tu rns  and 5 oases survived without a x i a l  amplitude 

increase t o  ex t r ac t ion  radius,  
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Pig. 9 Radial phase-plane diagrams for accelerated protons, for 55' spiral. 
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Pig. 10 Rndial phase-plane diagrams for accelerated protons, for 70' and 75' spiral.  
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D ISCUSS ION 

BLOSSER : The s e n s i t i v i t y  of the r a d i a l  phase space t o  a bump var ies  by about a faotor  
of 2 depending on whether the bump is or ienta ted t o  give a one-cornered o r  a two- 
cornered opening. What w a s  the  o r ien ta t ion  of the bump for  the  f igures  you were 
quoting? 

JLTNCERMAN : The numbers we quoted here a r e  the conservative ones, the worst phases fo r  
r a d i a l  s t a b i l i t y .  

LAPOSTOLLE : Could you say  a few words about ooupling between a x i a l  and v e r t i c a l  
osci l la t ions .  

JUNCERMAN : I d id  not show the z-motion, but i n  those oases where the  points  were 
l o s t  the  a x i a l  motion w a s  such tha t  the  p a r t i c l e s  h i t  the  dee. However, i n  the  other 
cases the  z-motion was well confined; one could see hardly any growth. It looks as i f  
one could ge t  a subs tan t i a l  pa r t  of the beam through t h i s  pa r t i cu la r  f i e l d ,  which is 
sti l l  not optimized. 
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