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Abstract 

This paper repor t s  on three  medical  a c c e l e r a t o r  
p r o j e c t s  a t  Michigan S t a t e  University, one involving 
construct ion of a 100 MeV superconduct ing  c y c l o t r o n  
f o r  neut ron  t h e r a p y ,  a second i n  which a conceptual 
design has been prepared f o r  a 250 MeV superconducting 
s y n c h r o c y c l o t r o n  f o r  pro ton  t h e r a p y ,  and the  t h i r d  
cons is t ing  of preJiminary s t u d i e s  of a compact 1600 
MeV superconduct ing  c y c l o t r o n  system f o r  heavy ion 
therapy . 

Introduct ion 

A program t o  adapt t h e  superconducting c y c l o t r o n  
t o  medical  use began a t  MSU i n  t h e  e a r l y  1980's i n  
r e s p o n s e  t o  an i n q u i r y  f r o m  a l e a d i n g  D e t r o i t  
p h y s i c i a n ,  Dr. W i l l i a m  Powers. D r .  Powers had read a 
press  account of the s t a r t u p  of  t h e  500 MeV n u c l e a r  
p h y s i c s  c y c l o t r o n ,  p a r t i c u l a r l y  comments t h a t  t h e  
cyclotron was "smaller ,  l i g h t e r ,  and l e s s  expensive" 
t h a n  a room tempera ture  uni t .  H i s  department had a t  
t h i s  time j u s t  been involved i n  an unsuccessful e f f o r t  
t o  o b t a i n  f u n d i n g  f o r  a room tempera ture  neut ron  
t h e r a p y  s y s t e m .  The " s m a l l e r ,  l i g h t e r ,  l e s s  
expensive" press  comment l e d  him t o  contact H .  Blosser 
with the  message "I need one of those". 

S e v e r a l  y e a r s  of n e g o t i a t i o n s  between Harper- 
Grace Hospi ta ls ,  Inc. ,  Michigan S t a t e  U n i v e r s i t y ,  and 
the  National Science Foundation (which administers the  
N a t i o n a l  Superconduct ing  C y c l o t r o n  L a b o r a t o r y  on 
behal f  of t h e  F e d e r a l  government)  r e s u l t e d  i n  firm 
cont rac ts  which came i n t o  e f f e c t  i n  September 1984,  
t h e  d a t e  on which t h e  n e u t r o n  t h e r a p y  c y c l o t r o n  
project  o f f i c i a l l y  began. The r e s u l t i n g  a c c e l e r a t o r  
i s  now n e a r i n g  comple t ion ,  f i r s t  f u l l  energy beam 
having been achieved on A p r i l  18,  1989. I n s t a l l a t i o n  
of t h e  c y c l o t r o n  a t  Harper H o s p i t a l  is expected i n  
e a r l y  summer and treatment of p a t i e n t s  w i l l  begin near 
t h e  end o f  1989.  Major f e a t u r e s  of t h e  r o t a t i n g  
a c c e l e r a t o r  system developed f o r  t h i s  p r o j e c t  a r e  
described i n  the  next major sec t ion  of t h i s  paper. 

The second medical  a c c e l e r a t o r  p r o j e c t  a t  MSU 
a l s o  came about a s  a r e s u l t  of a phone c a l l ,  namely an 
inquiry from L .  Lederman of FermiLab a s  t o  whether a 
c y c l o t r o n  might be a c o m p e t i t i v e  a l t e r n a t e  t o  t h e  
synchrotron then under p r e l i m i n a r y  i n v e s t i g a t i o n  a t  
FermiLab a s  an acce lera tor  t o  provide beams f o r  proton 
t r e a t m e n t s  of c a n c e r .  R e f l e c t i n g  on t h e  Lederman 
i n q u i r y ,  t h e  s u p e r c o n d u c t i n g  synchrocyclo t ron  idea 
came up;  t h i s  concept has s ince  been under s t u d y  a s  a 
low p r i o r i t y  pro jec t  but with the  expectat ion t h a t  the  
l e v e l  of e f f o r t  w i l l  increase  when t h e  neutron therapy 
pro jec t  is completed (which is  rap id ly  approaching). 

Synchrocyclotrons i n  physics labora tor ies  a r e  the  
a c c e l e r a t o r s  which have been used f o r  most of t h e  
exploratory s t u d i e s  of proton therapy. Typically, the  
c h a r a c t e r i s t i c s  of these  acce lera tors  match well with 
t h e  energy and beam c u r r e n t s  r e q u i r e d  f o r  p r o t o n  
therapy. Changing the  beam energy is d i f f i c u l t  i n  the  
a c c e l e r a t o r  i t s e l f  and t h e  t h e r a p y  p r o g r a m s  a t  
e x i s t i n g  s y n c h r o c y c l o t r o n s  u s e  range a t tenuators  t o  
Control t h e  d e p t h  of p e n e t r a t i o n  of t h e  beam. MSU 
s t u d i e s  of the superconducting synchrocyclotron point 
t o  an a c c e l e r a t o r  which would be much s m a l l e r  and  
l i g h t e r  t h a n  p r e v i o u s  s y n c h r o c y c l o t r o n s  i n c l u d i n g  
f e a t u r e s  leading t o  improved beam c h a r a c t e r i s t i c s .  

A t h i r d  MSU medical accelerator  study concerns a 
superconducting isochronous c y c l o t r o n  f o r  heavy i o n  
t h e r a p y ,  i n  p a r t i c u l a r  a 1 6 0 0  MeV c y c l o t r o n  t o  
acce lera te  f u l l y  s t r ipped  carbon ions t o  an energy of  
4.8 GeV which gives a range i n  t i s s u e  of approximately 
30 cm. A cyclotron s c a l e d  u p  from t h e  MSU 1200 MeV 
n u c l e a r  p h y s i c s  c y c l o t r o n  l o o k s  a t t r a c t i v e  i n  t h i s  
appl ica t ion  and a br ief  design s t u d y  h a s  e s t a b l i s h e d  
general f e a s i b i l i t y  of the concept. 

~ - - - -  Harper Hospital Cyclotron 

The e f f i c a c y  of neutrons a s  a rad ia t ion  therapy 
modality has been under explorat ion f o r  some time a t  a 
number of world c e n t e r s :  favorable r e s u l t s  have been 
o b t a i n e d  i n  c l i n i c a l  t r i a l s  i n v o l v i n g  a number of  
t y p e s  of cancer  111. These f a v o r a b l e  r e s u l t s  have 
been o b t a i n e d  i n  s p i t e  o f  s i g n i f i c a n t  h a n d i c a p s  
a r i s i n g  f r o m  u s e  of  m o s t l y  p h y s i c s  l a b o r a t o r y  
acce lera tors  t y p i c a l l y  w i t h  o n l y  a f i x e d  h o r i z o n t a l  
beam avai lable .  

The goals of the Harper Hospital neutron t h e r a p y  
p r o j e c t  a r e  t o  provide  an a c c e l e r a t o r  configurat ion 
matching t h e  c a p a b i l i t i e s  of a modern x-ray u n i t  i n  
t h e  a s p e c t s  o f :  1 )  b e i n g  l o c a t e d  i n  a h o s p i t a l ;  2 )  
providing beam penetrat ion corresponding t o  6 Megavolt 
x - rays :  and 3 )  provid ing  col l imat ion and v a r i a b i l i t y  
of d i rec t ion  comparable t o  t h a t  ava i lab le  i n  the  x-ray 
u n i t s .  Such an acce lera tor  would allow an even-handed 
comparison of  x-ray and neut ron  e f f e c t i v e n e s s  i n  a 
wide v a r i e t y  of t h e r a p y  s i t u a t i o n s .  These goals  a r e  
implemented i n  t h e  Harper H o s p i t a l  superconduct ing  
c y c l o t r o n  project  by using a beam of 50 MeV deuterons 
impinging on a beryllium t a r g e t  t o  produce a neut ron  
beam w i t h  an average  energy of approximately 24 MeV. 
With the  neutron producing t a r g e t  located 1.85 meters  
from the  sys tem i socenter ,  the  depth i n  t i s s u e  of the 
ha l f - in tens i ty  point c lose ly  matches the  corresponding 
point f o r  6 MeV x-rays. 

The n e u t r o n  t h e r a p y  c y c l o t r o n  is mounted on a 
r o t a t i n g  gantry,  a s  indicated schematically i n  Fig. 1 ,  
s o  i t  can move a r o u n d  t h e  p a F i e n t  i n  a f a s h i o n  
i d e n t i c a l  t o  a modern x-ray therapy u n i t ,  including 
moving d i r e c t l y  under the  pa t ien t  when t reatments  from 
underneath a r e  desired.  Fig. 2 is a photograph of the 
ac tua l  cyclotron and r o t a t i n g  gantry system, w i t h  t h e  
cyclotron positioned at  an upper quadrant angle. 

A second goal of the  Harper H o s p i t a l  p r o j e c t  i s  
t o  provide a cos t  comparison between a superconducting 
cyclotron neutron therapy  system and a modern x-ray 
t h e r a p y  system. T o t a l  e x p e n d i t u r e s  f o r  the Harper 
cyclotron p r o j e c t ,  i n c l u d i n g  a c c e l e r a t o r ,  r o t a t i n g  
g a n t r y ,  power suppl ies ,  col l imator ,  e t c .  a r e  s l i g h t l y  
below $2 mi l l ion ,  which is approximately the  same a s  a 
t o p  q u a l i t y  x-ray u n i t .  These project  c o s t s  include 
des ign  e n g i n e e r i n g  of  t h e  c o m p l e t e  s y s t e m  which  
a c c o u n t s  f o r  approximate ly  o n e - t h i r d  of t h e  t o t a l  
e x p e n d i t u r e s ,  and  a l s o  i n c l u d e s  M i c h i g a n  S t a t e  
U n i v e r s i t y ' s  normal c h a r g e s  f o r  f r inge  benef i t s  and 
overhead. The pro jec t  has  had t h e  b e n e f i t  of be ing  
a b l e  t o  use s p a c e  a n d  t e s t  equipment i n  the  National 
Superconducting Cyclotron Labora tory  wi thout  d i r e c t  
c h a r g e ,  and t h e  p r o j e c t  d o e s  n o t  c a r r y  normal  
commercial v e n t u r e  c o s t s ,  which a r e  p r e s e n t  i n  t h e  
s i t u a t i o n  of t h e  x - ray  therapy u n i t .  Taking note of 
t h e s e  s e v e r a l  f a c t o r s ,  t h e  c o m m e r c i a l  c o s t  o f  a 
therapy uni t  based on t h e  Harper cyclotron is  expected 
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I,n exceed the cost  of a t y p i c a l  x - r a y  u n i t  by 50 t o  
loo$,  bu t  even a t  t h i s  l e v e l  is much l e s s  than cos ts  
o f  commercial ly  a v a i l a b l e  n e u t r o n  t h e r a p y  sys tems 
based on room temperature cyclotrons.  

Engineering aspects  of the  Harper Cyclotron have 
b e e n  d e s c r i b e d  i n  o t h e r  p u b l i c a t i o n s  and w i l l  be 
b r i e f l y  summarized here. The c y c l o t r o n  d e s i g n  i s  
h e a v i l y  i n f l u e n c e d  by a d e c i s i o n  t o  use a standard 
commercial rad io  s t a t i o n  t ransmi t te r  a s  the s o u r c e  of 
r f  power. The t r a n s m i t t e r  is a 105 Mhz, 25 kw uni t  
which m a t c h e s  t h e  r e q u i r e m e n t s  o f  d e u t e r o n s  
3 c c e l e r a t e d  i n  t h i r d  harmonic mode i n  a 'Idee-in- 
valley" cyclotron arrangement. ( T h i s  des ign  concept  
was introduced i n  the e a r l y  1960's i n  a la rge  deuteron 
cyclotron b u i l t  by the  commercial f i rm AEG f o r  the  KFK 
laboratory i n  Karlsruhe [2] . )  With an r f  frequency of 
105 Mhz, a c e n t r a l  magnetic f i e l d  of  4 . 6  t e s l a  g i v e s  
Lhe d e s i r e d  o r b i t a l  f requency  f o r  d e u t e r o n s ,  t h e  
maximum f i e l d  i n  the  h i l l s  of t h e  c y c l o t r o n  going t o  
5.54 t e s l a  and the minimum f i e l d  i n  t h e  val leys  being 
14.07 t e s l a .  With these  choices deuterons reach the  50 
MeV d e s i g n  e n e r g y  a t  a 30 em r a d i u s ,  s o  t h a t  t h e  
cyclotron is extremely compact. 

F i g u r e  3 i s  a photograph of the  i n t e r i o r  of the 
cyclotron showing the three-dee acce lera tor  system and 
Lhe i n t e r i o r  of t h e  c ryos ta t  f o r  t h e  superconducting 
main c o i l .  The high f i e l d  r e q u i r e s  a n  e x t r e m e l y  
compact ion-source of the  cold cathode type. Some of 
the  e lements  of t h i s  s o u r c e  a r e  shown i n  F i g .  4 ,  
i n c l u d i n g  the tantalum chimney f o r  the  source with an 
outer diameter of 6.4 mm dnd t h e  ca thode  a s s e m b l i e s  
which i n s e r t  on t h e  a x i s  of the  magnet through 35 mm 
diameter centered holes i n  t h e  upper and lower magnet 
poles. 

Fabricat ion of components f o r  t h e  Harper Hospital 
c y c l o t r o n  came t o  comple t ion  i n  t h e  l a t e  winter of 
1989 and beam t e s t s  s t a r t e d  i n  April with f u l l  energy 
a c h i e v e d  o n  A p r i l  1 8 ,  1 9 8 9 .  F i g u r e  5 i s  a n  
autoradiograph of a p a r t i a l  r a d i u s  beam s t o p  i n  t h e  
c y c l o t r o n  showing t h e  h e i g h t  of t h e  beam and t h e  
r a d i u s  g a i n  per t u r n ,  b o t h  o f  which a r e  i n  good 
agreement with design expectat ions.  

As t h i s  paper  is  w r i t t e n ,  t h e  n e u t r o n  t h e r a p y  
c y c l o t r o n  i s  undergoing a d d i t i o n a l  t e s t s  t o  ver i fy  
conformance with spec i f ica t ions  a f t e r  which i t  w i l l  be 
s h i p p e d  t o  D e t r o i t  t o  be i n s t a l l e d  i n  t h e  Cershenson 
Radiation Oncology Center of Harper H o s p i t a l ,  one of 
Det ro i t ' s  leading hospi ta l s .  Approximately s i x  months 
of e f f o r t  w i l l  be required a t  t h e  Hospital t o  f u r t h e r  
t e s t  t h e  c y c l o t r o n ,  make d e t a i l e d  dose d i s t r i b u t i o n  
measurements, and prepare treatment planning protocols 
a f t e r  which treatment of p a t i e n t s  w i l l  begin. 

A novel aspect  of the cyclotron is the very small 
number of power suppl ies ,  and other  per ipheral  devices 
which a r e  required.  Figure 6 shows the  a r ray  of power 
s u p p l i e s ,  i n t e r l o c k  d i s p l a y s ,  e t c .  The r a d i o  
frequency power supply occupies t h r e e  48 em racks;  a l l  
o t h e r  power s u p p l i e s ,  t h e  i n t e r l o c k  l o g i c ,  e t c .  a r e  
mounted i n  a s i n g l e  48 cm r a c k ;  t h e  magnet  power 
supply is contained i n  a s i n g l e  25 cm chass i s  which is 
par t icu lar ly  s t r i k i n g  for  a 100 MeV cyclotron.  

Superconducting Synchrocxclotron f o r  250 MeV Protons 

The s y n c h r o c y c l o t r o n  h a s  been  a work h o r s e  
a c c e l e r a t o r  f o r  n u c l e a r  p h y s i c s  r e s e a r c h  s ince the  
l a t e  1 9 4 0 ' s .  I n  r e c e n t  y e a r s  a number of t h e s e  
machines have s h i f t e d  t o  medical use,  the Cyclotron a t  
Harvard University being perhaps t h e  l e a d i n g  example 
[3]. Charged p a r t i c l e s  i n  cont ras t  with neutrons or 
x- rays  have a d e f i n i t e  range  i n  t i s s u e  and a s  t h e  
p a r t i c l e  s lows down near  t h e  end of  i t s  range t h e  
i o n i z a t i o n  d e n s i t y  ( i . e .  t h e  c e l l  k i l l i n g  p o w e r )  
i n c r e a s e s  ( t h e  " B r a g g  p e a k " )  which  is  j u s t  t h e  
c h a r a c t e r i s t i c  one des i res  f o r  an i n t e r n a l  tumor. I n  
r e c e n t  y e a r s  medica l  i n t e r e s t  i n  expanded f a c i l i t i e s  
for  proton t h e r a p y  has  g r e a t l y  i n c r e a s e d  and,  i n  a 

p i o n e e r i n g  p r o j e c t ,  Loma Linda Medical Center  of 
C a l i f o r n i a  h a s  c o n t r a c t e d  w i t h  F e r m i  N a t i o n a l  
A c c e l e r a t o r  L a b o r a t o r y  t o  b u i l d  a 250 MeV pro ton  
synchrotron t o  be i n s t a l l e d  i n  t h e  h o s p i t a l  and used 
i n  a s ta te -of - the-ar t  proton therapy program [SI.  MSU 
s tud ies  have the  goal of exploring and c l a r i f y i n g  t h e  
advantages  of an a l t e r n a t e  a c c e l e r a t o r  system, the  
superconduct ing  s y n c h r o c y c l o t r o n ,  a s  a means of  
achieving t h i s  same therapy object ive.  

Synchrocyclotrons b u i l t  i n  t h e  1950's f o r  physics 
r e s e a r c h  were t y p i c a l l y  very massive devices, the 160 
MeV s y n c h r o c y c l o t r o n  a t  Harvard h a v i n g  a 6 4 0  t o n  
magnet, f o r  example. A s  mentioned above, MSU i n t e r e s t  
i n  high f i e l d  superconducting s y n c h r o c y c l o t r o n s  came 
about  a s  a consequence of an i n q u i r y  from L .  Lederman 

F l l i .  1 -- S c n e m a t i c  a r a w i n g  or' t l e u t r o n  t h e r a p y  
c y c l o t r o n  showing s y s t e m  f o r  r o t a t i n g  cyclotron about 
pa t ien t .  Cyclotron is shown i n  two p o s i t i o n s ,  above 
and t o  the  r e a r  of the  pa t ien t .  

FIG. 2 -- Photograph of the cyclotron i n  a l a t e  s t a g e  
of construct ion.  The support r ings  a r e  4.27 m O . D .  
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as t o  whether a cyclotron might have advantages  over 
the  synchrotron approach being pursued a t  FermiLab f o r  
the  Loma Linda p r o j e c t .  I n  any t y p e  of c y c l o t r o n ,  
h i g h  f i e l d s  a r e  very  powerful  i n  lower ing  magnet 
weight. A s imple  back-of- the-envelope c a l c u l a t i o n  
shows t h a t  f o r  g iven  energy t h e  f l u x  l i n k i n g  t h e  
maximum energy o r b i t  v a r i e s  i n v e r s e l y  w i t h  f i -e ld  
s t r e n g t h ;  t h i s  f l u x  d e t e r m i n e s  t h e  c r o s s  sec t iona l  

area of the  r e t u r n  yoke of the magnet. The l e n g t h  of  
t h e  r e t u r n  yoke is proport ional  t o  the  rad ius  of the 
cyclotron which is l ikewise inversely p r o p o r t i o n a l  t o  
t h e  m a g n e t i c  f i e l d .  Magnet vo lume,  w h i c h  is  
approximately length times area ,  therefore  s c a l e s  l i k e  
t h e  i n v e r s e  s q u a r e  o f  t h e  m a g n e t i c  f i e l d ;  i . e .  
magnetic f i e l d  s t rength  has a very powerful e f f e c t  i n  
reducing volume and weight. 

Exploring t h i s  new t y p e  of a c c e l e r a t o r  magnet, 
d e s i g n s  have  been  d e v e l o p e d  a t  MSU based on t h e  
p i l l b o x  magnet  c o n c e p t s  u s e d  i n  e a r l i e r ,  MSU 
isochronous  cyclotrons [5]. A typ ica l  plan view of a 
250 MeV synchrocyclotron is shown i n  F ig .  7 ;  w i t h  a 
magnet ic  f i e l d  of  5.5 t e s l a ,  t h e  magnet f o r  such a 
cyclotron weighs about 60 tons,  o r  l / l O t h  t h e  weight  
of t h e  Harvard cyclotron and the energy of the  l a t t e r  
is 35% lower. Three main t e c h n i c a l  i s s u e s  must be 
a d d r e s s e d  i n  t h e  d e s i g n  of  s u c h  a h i g h  f i e l d  
synchrocyclotron, namely 1 )  the  t e c h n i q u e  t o  use  f o r  
modula t ing  t h e  a c c e l e r a t i n g  frequency, 2 )  d e t a i l s  of 
o r b i t  s t a r t i n g  c o n d i t i o n s  (whether  a "c losed"  i o n  
s o u r c e  c a n  b e  u s e d  t o  t i g h t l y  d e f i n e  s t a r t i n g  
c o n d i t i o n s ) ,  and  3 )  t h e  t e c h n i q u e  t o  u s e  f o r  
ex t rac t ing  the f u l l  energy beam from the cyclotron. 

The l a s t  of the above i s s u e s .  beam e x t r a c t i o n ,  
h a s  been a d d r e s s e d  by Gordon and Wu i n  a s e r i e s  of 

FIG. 3 -- Photograph of t h e  i n t e r i o r  of t h e  100 M e V  
c y c l o t r o n .  The o p e r a t o r  is poin t ing  a t  the  c e n t r a l  
"spiderff which connects t h e  three  dees and f o r c e s  t h e  
sys tem t o  o s c i l l a t e  i n  t h e  in-phase mode. 

FIG. 6 -- Power suppl ies  and a u x i l i a r y  equipment f o r  
t h e  n e u t r o n  t h e r a p y  c y c l o t r o n .  The r f  t ransmi t te r  
occupies three  racks i n  f r o n t  of t h e  o p e r a t o r .  The 
magnet power supply is i n  t h e  rack on the  l e f t  ( l i g h t  
colored panel s l i g h t l y  below midpoint  of t h e  r a c k ) .  
Ion source power supply is on t a b l e  a t  the  lower l e f t .  

= 
F I G .  4 -- Components of ion  s o u r c e  t e s t  assembly.  
Right: 6.4 mm diameter tantalum chimney. Centerhear :  
ion e x t r a c t i o n  e l e c t r o d e .  Lower c e n t e r :  a ca thode  
assembly. Lower l e f t :  anode p la te .  

- 
22 24 r (cm)  

FIG. 5 -- Autoradiograph of beam s top  a t  224 mm rad ius  
a f t e r  f i r s t  beam t e s t s  of t h e  neutron cyclotron. 

FIG. 7 -- Layout drawing of 250 MeV superconduct ing  
s y n c h r o c y c l o t r o n .  Main dee stem is  inser ted  through 
magnet aper ture  a t  t h e  r i g h t  of the f igure .  
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s t u d i e s  161;  t h i s  work shows t h a t  a r e g e n e r a t i v e  
ex t rac t ion  system c o n s i s t i n g  e n t i r e l y  of  i n e r t  i r o n  
e lements  w i l l  e x t r a c t  t h e  beam w i t h  e f f ic iency  i n  t h e  
40-50% range which is much higher than t h e  5-105 l eve l  
typ ica l  of the older  synchrocyclotrons. Figure 8 is a 
l a y o u t  of t h e  e x t r a c t i o n  h a r d w a r e  and shows t h e  
s e q u e n t i a l  s e t s  of i n e r t  i ron elements cons is t ing  of 
dipole  elements t o  f r e e  the  beam from t h e  main f i e l d  
and quadrupole  e lements  t o  hold  t h e  beam i n  a well 
fo-cussed envelope. 

The ex t rac t ion  s t u d i e s  of Gordon and Wu show t h a t  
e x t r a c t i o n  e f f i c i e n c y  d e p e n d s  on  a n  a c c u r a t e  
d e f i n i t i o n  o f  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  
accelerated beam. Experimentally t h i s  means changing 
f rom t h e  u n s h i e l d e d  open a r c  s o u r c e  used i n  t h e  
o r i g i n a l  synchrocyclotrons, t o  a c l o s e d  chimney-type 
s o u r c e  s i m i l a r  t o  t h a t  shown i n  F ig .  4 .  I n  t h e  
s i t u a t i o n  of the synchrocyclotron the  chimney diameter 
m u s t  be s t i l l  s m a l l e r  -- an o u t s i d e  diameter  of no 
more than 3-4 mm. T h i s  is thought t o  be f e a s i b l e  but  
r -  - . I  . .  - . i . . . . l  . . ‘ l  
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F I G .  8 -- Drawing showing f i n a l  o r b i t s  ( s o l i d  l i n e s )  
and d e t a i l e d  e x t r a c t i o n  element  p o s i t i o n s .  Dashed 
l i n e  is outer  edge of magnet pole. 

(36 feel) 
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FIG. 9 -- Drawing showing s y n c h r o c y c l o t r o n  r o t a t i n g  
g a n t r y  arrangement  w i t h  energy s h i f t i n g  wedge j u s t  
a f t e r  the  cyclotron. Energy s h i f t i n g  can  o p t i o n a l l y  
be accomplished j u s t  ahead of the  pa t ien t .  

an e a r l y  p a r t  of t h e  s y n c h r o c y c l o t r o n  e n g i n e e r i n g  
development w i l l  c o n s i s t  of prototype experiments on 
such an ion source. 

The  w e i g h t  o f  a 2 5 0  MeV s u p e r c o n d u c t i n g  
synchrocyclotron w i l l  be more t h a n  twice  t h a t  of t he  
Harper Hospital cyclotron but t h i s  is still  compatible 
w i t h  d i r e c t  g a n t r y  mount ing .  A p o s s i b l e  s y s t e m  
arrangement  is shown s c h e m a t i c a l l y  i n  F ig .  9.  With 
t h i s  type of mounting an energy degrader  can be used 
j u s t  o u t s i d e  t h e  c y c l o t r o n  t o  provide  any d e s i r e d  
energy and t h e  beam q u a l i t y  can be r e s t o r e d  by a n  
e n e r g y  s e l e c t i o n  s l i t  a f t e r  t h e  f i r s t  900 magnet. 
T h i s  l o c a t i o n  f o r  t h e  e n e r g y  d e g r a d e r  h a s  t h e  
a d v a n t a g e  r e l a t i v e  t o  t h e  p r e s e n t l y  common j u s t -  
before-the-patient loca t ion  t h a t  n u c l e a r  d e b r i s  from 
both  t h e  degrader  and t h e  c l e a n  up s l i t  is d i rec ted  
away from the  p a t i e n t .  The arrangement  a l s o  a l lows  
t h e  energy spread of the  degraded beam t o  be res tored  
t o  near ly  its o r i g i n a l  v a l u e  by i n s e r t i n g  an energy 
compensating wedge a t  the  cleanup slit loca t ion  C71 so 
t h a t  rad ia t ion  d i s t r i b u t i o n s  w i t h  q u i t e  s h a r p  d i s t a l  
edges can be o b t a i n e d  a t  t h e  tumor l o c a t i o n .  The 
older  system of posi t ioning the  degrader  d i r e c t l y  i n  
f r o n t  of t h e  pa t ien t  of course has the advantage t h a t  
magnet  s e t t i n g s  a re  f i x e d ,  ra ther  t h a n  needing  t o  
change a s  the  energy is stepped t o  d i f f e r e n t  values. 

A superconducting s y n c h r o c y c l o t r o n  can a l s o  be 
used  a s  a s t a n d - a l o n e  a c c e l e r a t o r  f e e d i n g  s e v e r a l  
treatment rooms through a beam t r a n s p o r t  system. An 
arrangement of t h i s  type is shown i n  Fig. 10 w i t h  each 
t ransport  room equipped w i t h  a swinger  magnet system 
t o  d i r e c t  the  beam at the pa t ien t  from various angles. 
When m u l t i p l e  t r e a t m e n t  rooms a r e  d e s i r e d ,  t h i s  
arrangement  is less expensive than simply rep l ica t ing  
t h e  one room arrangement shown i n  Fig. 9 ,  b u t  there  is 
l e s s  r e d u n d a n c y  i n  t h e  a s p e c t  of  having  o n l y  one 
acce lera tor  and a l s o  more complexity i n  the  a s p e c t  of 
having t o  readjus t  beamline magnets more frequent ly .  

Accelerator System f o r  4.8 GeV 12C6+ 

Heavy ion beams combine t h e  advantages of protons 
and neutrons i n  t h a t  the  dose can be loca l ized  i n  much 
t h e  same f a s h i o n  a s  f o r  p r o t o n s  and t h e r e  is no 
shielding of cancer c e l l s  r e l a t i v e  t o  normal c e l l s  i n  
de-oxygenated t i s s u e  as i s  t h e  c a s e  f o r  x-rays and 
protons. An exploratory program of heavy i o n  t h e r a p y  
has  been conducted a t  t h e  LBL Bevelac C81. Also a 
cooperative European effort  by the  European Light  Ion 
Medical Accelerator ( E U L I M A )  group, has been studying 
a l a r g e  open sec tor  c y c l o t r o n  f o r  t h i s  purpove [ 9 ] .  
The open s e c t o r  cyclotron has a d i f f i c u l t y  re la ted  t o  
t h e  i n t r i c a t e ,  t h r e e - d i m e n s i o n a l ,  magnet  d e s i g n  
problem which is involved. Studies a t  MSU have been 
mot iva ted  by t h e  t h o u g h t  t h a t  t h i s  magnet  d e s i g n  
problem could  be avoided  i f  such a c y c l o t r o n  were 
constructed a s  a scaled-up version of the MSU 1200 MeV 

F I G .  10 -- Drawing showing a m u l t i - t r e a t m e n t  room 
f ixed  cyclotron therapy system arrangement. 
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research cyclotron. Figure 1 1  shows a c ross  sec t ion  
view of such a cyclotron. The magnet w i l l  weigh about 
550 tons,  which is a low value f o r  such a cyclotron. 

The energy of 400 MeV/nucleon makes i t  n e c e s s a r y  
t o  use f o u r  s e c t o r s  f o r  the  magnet i n  order t o  avoid 
the  vr= N/2 s top  band which o c c u r s  a t  s l i g h t l y  over  

200 MeV f o r  N = 3 .  I f  t h e  c y c l o t r o n  is t o  operate a t  
high f i e l d  a very t i g h t  s p i r a l  is  a l s o  r e q u i r e d  a s  
i n d i c a t e d  i n  F i g u r e  1 2 .  I n  g e n e r a l ,  t h e  compact 
cyclotron concept appears t o  be qui te  workable a t  t h i s  
energy ,  a t  l e a s t  i n  the  aspect of providing adequate 
a x i a l  focussing. The c y c l o t r o n  would negd an a x i a l  
i n j e c t i o n  system t o  i n j e c t  f u l l y  s t r ipped  ions near 
t h e  c e n t e r  and an ECR s o u r c e  would b e  u t i l i z e d  t o  
produce t h e s e  i o n s .  Beam ext rac t ion  w i l l  need t o  be 
carefu l ly  s tudied and might need t o  occur a t  vr = 312 

r a t h e r  t h a n  a t  vr = 1 i n  order t o  hold the  beam phase 

s l i p  r e l a t i v e  t o  the rf voltage t o  a workable l e v e l .  
A s  time allows these i ssues  w i l l  be explored i n  f u t u r e  
computer s tud ies .  

Conclusion -.-- 

Adapta t ion  of superconduct ing  c y c l o t r o n s  and 
s y n c h r o c y c l o t r o n s  t o  medical problems is expected t o  
be an ongoing program a t  the  National Superconduct ing 
C y c l o t r o n  Labora tory .  The 100 MeV a c c e l e r a t o r  f o r  
neutron therapy w i l l  be moved t o  Detroi t  i n  t h e  e a r l y  
summer of  1989 and pa t ien t  treatments w i l l  begin l a t e  
i n  the year. A s  t h a t  project  t e r m i n a t e s  e f f o r t  w i l l  
s h i f t  t o  a 250 MeV superconduct ing  synchrocyclotron 
f o r  proton t h e r a p y  w i t h  a p o s s i b l e  400 MeV1nucleon 
heavy ion  a c c e l e r a t o r  a s  a p r o j e c t  s t i l l  f u r t h e r  i n  
t h e  fu ture .  

F I G .  12 -- Drawing showing pole t i p  s p i r a l  needed t o  
provide a x i a l  focussing i n  4.8 GeV 1 2 C  cyclotron. 
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FIG. 1 1  -- Cross sec t ion  view of compact isochronous superconducting cyclotron f o r  producing 4.8 GeV 
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