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Introduct ion 

The Columbia Un ive r s i ty  "Nevis Labo- 
r a t o r i e s "  Synchrocyclotron has  been i n  
ope ra t ion  s i n c e  1950. The r e sea rch  pro- 
gram has f u l l y  and e f f e c t i v e l y  u t i l i z e d  
t h i s  f a c i l i t y  f o r  pion, muon, and neutron 
research during t h i s  per iod.  Only i n t e r -  
n a l  proton beams of  -1 PA a t  385 MeV have 
been used on i n t e r n a l  t a r g e t s  t o  produce 
the  secondary beams of  i n t e r e s t .  W e  have 
been inc reas ing ly  aware t h a t  i t s  t h e  of 
obsolescence i s  approaching un le s s  major 
improvements are made i n  the  machine e f -  
f ec t iveness .  

0 
About 1964 we began t o  m a k e  a s e r i -  

ous study of t he  f e a s i b i l i t y  of a major 
improvement program. To keep c o s t s  down, 
it was decided t h a t  w e  should attempt t o  
r e t a i n  the  major p a r t s  of our present  
magnet and bu i ld ing ,  instead of request-  
ing f inancing t o  s t a r t  over with an en- 
t i r e l y  d i f f e r e n t  machine and bu i ld ing  com- 
plex.  By January 1966 t h e  major o u t l i n e s  
of t he  plans had been e s t ab l i shed  as de- 
scr ibed i n  a r e p o r t  by J. R a i n ~ a t e r . ~  
The p l an  i s  t o  use i r o n  s p i r a l  r i dges  t o  
produce an azimuthally varying magnetic 
f i e l d ,  keeping the p re sen t  cyclotron yoke 
and e x c i t a t i o n  c o i l s .  The azimuthal av- 
erage f i e l d  < B ( r ) >  i s  t o  increase by - 2% from center  t o  - 80 in .  (- 2 m )  ra- 
dius .  This i s  much less than f o r  f u l l  
isochronism, b u t  enough t o  reduce consid- 
e rab ly  t h e  r f  frequency swing required.  
It a l s o  seems t o  be capable of y i e ld ing  a 
value of ( < B > r )  corresponding t o  - 500 t o  
600 MeV proton energy a t  a r ad ius  - 2 m 
where v r  - 1 and <B> - 19 t o  20.5 kG. 

concentrated on model magnet s t u d i e s  of 
numerous s p i r a l  r i dge  i r o n  configurat ions 
i n  an attempt t o  produce a median plane 
Nfold symmetrical magnetic f i e l d  conf igu- 
r a t i o n  corresponding t o  a s u i t a b l y  shaped 
< B ( r ) >  , v Z  , and v r  vs r . While a 
f i n a l  configurat ion has  not  y e t  been 
achieved, r e s u l t s  t o  d a t e  have shown t h a t  
such a configurat ion giving 500 t o  600 M A r  
protons i s  q u i t e  f e a s i b l e .  Some of the 
measured r e s u l t s  a r e  c l o s e  t o  t h e  form 
which we have t r i e d  t o  match. 

During the p a s t  year  we have mainly 

Space Charge Considerations 

The pioneering work of MacKenzie4 
showed t h a t  t he  beam cur ren t s  achieved i n  
synchrocyclotrons a r e  e s s e n t i a l l y  those 
expected from space charge c o n s i d e r a t h s  
near r = 0 t o  10 c m .  Further t h e o r e t i c a l  

analyses3 support  t h i s  conclusion and 
t h i s  aspect  of the problem has dominated 
our thinking s i n c e  e a r l y  1965. The re- 
s u l t  i s  t h a t  t h e  synchrocyclotron space 
charge con t ro l l ed  c u r r e n t  l i m i t  should be 
p ropor t iona l  t o  the v e r t i c a l  focusing 
s t r e n g t h  v 2  near  t h e  cen te r  as one factor. 
The magnet% focusing is  p ropor t iona l  t o  
- ( r / B )  (dB/dr) f o r  an azimuthally symmet- 
r ica l  magnetic f i e l d ,  so v 2  i s  q u i t e  
s m a l l  f o r  r e 10 cm. W e  pfan t o  use a 1- 
t o  2-in. ( 2 . 3  t o  5-cm) median plane spa- 
c ing between t h e  s p i r a l  r i dge  i ron  f o r  
r - 1 c m  t o  50 c m  t o  achieve v i  - 0.05 t o  
0.10 s t a r t i n g  a t  a few cm radius .  The 
i ron  a t  the  azimuth of t h e  dee would be 
supported on alumina i n s u l a t o r s  and be  
enclosed wi th in  t h e  dee sk in  a t  r f  poten- 
t i a l .  

Since t h e  t i m e  average cu r ren t  shodd 
a l s o  have somewhat s t ronger  than l i n e a r  
dependence on t h e  dee vol tage (and pro- 
p o r t i o n a l  m r e p e t i t i o n  ra te) ,  w e  plan t o  
raise both - f i v e  t i m e s  above t h e i r  pre- 
s en t  values  t o  - 300/sec and 50 kV. The 
increasing <B( r )>  vs r implies a much re- 
duced rf frequency modulation swing which 
is comparable t o  t h a t  now used f o r  e x i s t -  
ing lower energy (<200 MeV) synchrocyclo- 
t r o n s  which p r e s e n t l y  operate  a t  s imi l a r  
o r  g r e a t e r  r e p e t i t i o n  r a t e s  than our 
planned value. The use of - 50 kV peak 
dee vol tage w i l l  permit an a r c  source and 
c e n t r a l  region geometry similar t o  those 
f o r  isochronous cyclotrons,  bu t  with much 
s t ronger  magnetic v e r t i c a l  focusing a t  
s m a l l  r .  The space charge cu r ren t  l i m i t  
i s  expected t o  be >> 10 @. 

Magnet S tud ie s  (One-Fifth Scale)  

Our model magnet s t u d i e s  assume t h a t  
we s h a l l  use the  present  magnet exc i t a -  
t i o n  c o i l s ,  p l u s  new " ins ide  the  vacuum 
chamber" a u x i l i a r y  c o i l s  similar t o  those 
used with the  Berkeley 184-in. cyclotron 
f o r  t he  p a s t  decade. A b a s i c  170-in. 
(432-cm) po le  diameter and - 35-in. 
(90-cm) po le  t i p  spacing i s  planned, with 
spiral  r i d g e  h i l l  shims plus  360' i r o n  
shims t o  produce a s u i t a b l e  B ( r , € J ) .  A 
maximum vr  - 1.15 i s  expected, decreasing 
t o  v r  - 1 a t  ex t r ac t ion .  
s c a l e  model s t u d i e s  have ruled o u t  N = 6 
a s  unable t o  achieve s u f f i c i e n t  f i e l d  
f l u t t e r  and V; . Our subsequent s t u d i e s  
have been f o r  N = 4, b u t  N = 3 is not ex- 
cluded from considerat ion.  

The one - f i f th  
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Present thinking favors the use of 
radial shims (no spiral) for about the 
first one-third of the radius, followed 
by an increasing spiral angle with 
tany '? 2 at large radii. The required 
magnetic field flutter F - 0.2 over most 
of the region will be produced by "float- 
ing iron" spiral hill shims of - 5 to 
7 in. thickness and vertical separation 
about the median plane, followed verti- 
cally by - 4-in.(lO-cm) rf gap, in turn 
followed by a combination of spiral 
ridge and 360@ pole tip iron shims. 

We have a priori selected approxi- 
mate values for the desired shape of 
<B(r)> vs r (and thus d<B>/dr), tany vs r 
and v", vs r . We have as variable para- 
meters the azimuthal angle cp, (r) subten- 
ded by the "floating" spiral ridge hill 
iron shims, the thickness vs r of the 
360' pole tip iron shims, and the thick- 
ness and angular extent us of the pole 
tip spiral ridge iron (hill) shims. The 
values of the "floating" spiral ridge 
iron spacing, their thickness, and their 
spacing from the iron mounted to the pole 
tips are only adjustable to a limited ex- 
tent due to considerations associated 
with the rf system and the installation 
and servicing of the hill iron support 
insulators. 

The fraction of the volume between 
the pole tips occupied by iron must in- 
crease monotonically from r = 0 to 85 in. 
to have <B(r)> increase with r in the 
presence of a normal strong tendency for 
B to sag at larger r (near the edge). A 
relatively high field flutter F is ob- 
tained by accomplishing this rise in <B> 
by using a relatively large total iron 
ridge (hill) thickness and have rp(r) in- 
crease strongly with r near the edge. 
Use of 360" pole tip or floating shims at 
larger r to accomplish this rise in 
<B(r)> would give smaller F values. A 
judicious combination of the two methods 
seems capable of simultaneously yielding 
proper <B(r)> vs r and F and tany vs r to 
maintain suitable values of va . For 
<B(r)> values in the neighborhood of 
19 to %!xkG variations of shim geometry 
near the edge have shifted the r for 
<B> 
themaX 

from - 75 in. to 84 in. bracketing 
a priori choice of 80 in. 

Further Considerations 

We expect to use the one-fifth 
scale magnet to produce an operating cy- 
clotron to study central region problems. 
A one-tenth scale model magnet is nearly 
ready for use for continuing iron geome- 
try studies when the one-fifth scale mo- 
del becomes unavailable for that purpose. 
A modulated rf system for the central 
region studies has been built and tested. 

The model vacuum chamber and pumping sys- 
tem is finished and vacuum tested. 

For the final full-scale cyclotron, 
the dee will consist mainlv of the alumi- 
na supported iron ridge shims at the dee 
azimuth, with joining copper skins at rf 
and ground potential over the full dee 
region. For r < 75 cm the dee will sub- 
tend 180' (two zf the N = 4 shim regions) 
to avoid beam orbit center walking when 

V is very near 1. The orbit center dis- 
placement for a < 180' dee is propor- 
tional to (v, -1)-l times the radius gain 
per turn. Beyond r - 75 cm this should 
be small enough to permit a gradual re- 
duction to - 120" for the dee azimuthal 
extent. Where the dee boundary cuts the 
hill ridge spiral (in a near radial di- 
rection) a narrow vertical cut can be 
made (N = 4 symmetrically) in the float- 
ing ridge iron. Similarly, when the 
floating ridge iron central spacing in- 
creases from the l- to 2-in. value at 
small r to the 5- to 7-in. spacing at 
larger r, the two region floating iron 
masses can be electrically separated, 
with the azimuthal extent of the central 
shim gradually reduced to zero, and that 
of the outer shim increased in a compen- 
sating fashion to maintain a smooth tran- 
sition over the radial extent of the 
transition region. 

The copper dee and ground skins are 
expected to be continued to a transmis- 
sion line, rotating capacitor system of 
the X/4 - 3X/4 type used successfully on 
so many existing synchrocyclotrons (Berke- 
ley, CERN, Chicago, Carnegie Tech, etc.) 
The detailed design for this should be 
straightforward and will be subcontracted 
to one of the industrial experts in this 
field if project support is obtained. 

The beam extraction will occur where 
‘Jr N 1 where an unstable growth in the ra- 
dial oscillation amplitude using a peeler 
regenerator can probably be accomplished 
with high efficiency (y 50%) and a long 
duty cycle. A detailed study of this as- 
pect of the system can continue after 
most other aspects of the design must be 
"frozen". We expect to achieve a long 
duty factor 500 to 600 MeV external pro- 
ton beam of 5 to 40 yA time average value. 
The extraction at \J~ = 1 should be easier 
than for ordinary synchrocyclotrons 
(u, ( - 0.9) or high energy isochronous 
cyclotrons (XJ~ > 1). The freedom from 
the isochronism requirement is expected 
to simplify greatly many aspects of the 
design and permit a much higher proton 
energy, for the given magnet size, than 
would otherwise be possible. 
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