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For the  60 MeV proton cyclotron now i n  const ruct ion a t  CSF f o r  Grenoble Universi ty,  

see  Fig. 1, a speoial  emphasis i s  p u t  on v e r s a t i l i t y .  I t  w i l l  be possible t o  accele- 

r a t e  heavy ions a s  well a s  protons and a l s o  t o  provide f o r  continuous va r i a t ion  of 

energy during operation around a c e n t r a l  energy, see Fig. 2. This implies specia l  

a t t e n t i o n  to: l )  magnetic f i e l d  s e t t i n g  and control ,  2 )  specia l  design of the RF 

system, and 3) specia l  design of the ext ract ion system. 

The f irst item requires  the con t ro l  of the  power supplies from a c e n t r a l  com- 

puter,  a c t i n g  on cams, which w i l l  reproduce the  experimental s e t t i n g s  of the magnet 

currents .  

To provide t h i s  con t ro l  system, i t  is  necessary t o  g e t  a g rea t  amount of 

experilmntal d a t a  on s t a b i l i t y  condit ions f o r  every poss ible  working s i tua t ion .  

Application of the "floating-wire techniquen seemed a good way of get t ing a rough, but  

quick, general  understanding of the main parameters. But i t  turned out tha t ,  with 

speoia l  care i n  the experimental setup, t h i s  technique could do much more. I t  pro- 

vides f a i r l y  good accuracy i n  determining the condit ions f o r  isochronism and measuring 

the  beta t ron frequencies, a t  l e a s t  i n  the range of energy f o r  which t h i s  machine is  

designed. 

The second requirement leads to  a p a r t i c u l a r  concept of t h e  RF power supply and 

the resonant cavi  ty, which w i l l  be described l a t e r .  The t h i r d  item w i l l  not  be 

considered here. 

I - A METHOD OF QUICK DETERMINATION OF MAGNETIC FIELD PARAMETERS. 

The equil ibrium equation f o r  a conducting wire i n  a magnetic f i e l d  B i s  

The weight mg of t h e  wire modifies the v e r t i c a l  project ion of the t r a j ec to ry  

bu t  the r e s u l t i n g  v a r i a t i o n  i n  the tension of the wire i s  negligible ( l e s s  than 1 0 ~ ) .  

Then the corresponding p a r t i c l e  r e g i d i t y  Bp versus the r a t i o  T/i is  not a f fec ted  by 

the  weight of t h e  wire. I f  one is  using severa l  wires,  s e t  a few centimeters apar t ,  

i t  can be shown t h a t  the mutual a t t r a c t i o n  or  repulsion i s  negl ig ible  i n  the experi-  

mental condit ions.  
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Fig. 2 Ion e n o r g i c s  i n  t h e  Cronoble Cyclotron.  
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Pig. 1 P l a n  of Grenoble Cyc lo t ron  and i o n  source.  
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Fig. 3 Experimental  arrangelnent f o r  measuring t e n s i o n  
and p o s i t i o n  of wire. 

The bas ic  experimental setup, a s  i l l u s t r a t e d  i n  Fig. 3, includes: 1) a support 

f o r  holding three  r a d i a l  arms on which the wires can be f ixed,  2 )  de tec tors  f o r  

p o s i t  ion of the wires, and 3 )  tension-measuring devices. 

The pos i t ion  of the wire is determined e i t h e r  by observation through a telescope, 

o r  by electromagnetic de tec t ion .  A l Mc/s s ignal  is  put  on the wire which passes 

between two small antennas 2 m apar t ;  these a r e  connected t o  t r a n s i s t o r  preamplif iers .  

A colnparison of the amplitudes of the two s igna l s  can give the pos i t ion  of the wire with 

an accuracy of t h e  order of 1/100 m. 

The tens ion of the wire i s  determined by a specia l  balance which ind ica tes  when 

the tension equ i l ib ra te s  the weight of a f ixed  mass. The parameter i s  the current  
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i n t e n s i t y  through the  W i r e .  The balance is mounted on co.rindum needles ;  the accuracy 

e a s i l y  ob ta ined  is 10-'. The p r a c t i c a l  l i m i t  i s  10-*. This  balance method is p re f e r r ed  

over  the p u l l e y  method which g ives  a lower accuracy and i s  more d i f f i c u l t  t o  handle. 

P r i n c i p l e  of t h e  Method 

Assuming i d e n t i c a l  s e c t o r s ,  t he  method c o n s i s t s  i n  t h e  de te rmina t ion  of the 

t r a n s f e r  matrix through one s ec to r .  The t r a c e  of the matr ix can  be determined by 

measurement of t he  p o s i t i o n  of t h e  t r a j e c t o r y  i n  t h r ee  conjugate  planes.  

The measurements were a c t u a l l y  made on a 4 s e c t o r  model. The symmetry of 4 

s e c t o r s  makes the geometr ical  p l o t t i n g  e a s i e r ,  bu t  the  same method can  be  app l i ed  t o  

any number of s ec to r s .  

Let  (E::) be the t r a n s f e r  matr ix from one s e c t o r  t o  t he  next ,  the  r e f e r ence  

p l anes  being chosen a t  t h e  c e n t e r  of a h i l l  or of a  v a l l e y ,  yo, y A ,  y l ,  y;, y2, y;, 

t he  p o s i t i o n s  and angles  of t h e  t r a j e c t o r y  a t  t h r e e  ad j acen t  p lanes ,  a t  a d i s t ance  

2 s / ~ .  

One has the r e l a t i o n s :  

From which one g e t s  

y2 + (ad - bc)yo = ( a  + d)y l  , 

where y r e p r e s e n t s  the ampli tude of a b e t a t r o n  o s c i l l a t i o n .  Let p be t he  phase s h i f t  

of t h i s  o s c i l l a t i o n  through one s ec to r  

2 s  
( a  + d )  = 2  cos^ = 2 cosv- N 

And s i n a e  f o r  a l l  t h e  s t r u c t u r e s  which can  be used ad - bc = l ( t h e  e f f e c t  of 

energy v a r i a t i o n  i s  not  cons idered)  one g e t s  

2 s  
y2 + yo = 2y cosv- 1 N 

Then t h e  phase s h i f t ,  and t h e  wave number, can be computed from p o s i t i o n  

measurements i n  t h r e e  p l anes ,  wi thout  any angle  measurement. 

Closed Orb i t  
2 s  I f  the f i e l d  i s  p e r f e c t ,  the c lo sed  o r b i t s  have a symmetry. They c r o s s  t h e  

t h r e e  r e f e r ence  p l anes  a t  equal  d i s t a n c e  from t h e  cen t e r .  I nve r se ly ,  i f  a t r a j e c t o r y  

c r o s s e s  t he  t h r e e  p lanes  a t  p o i n t s  which a r e  equal  d i s t ance  from the  cen t e r ,  i t  i s  

p a r t  of a c lo sed  o r b i t .  I f  the  f i e l d  is  noet p e r f e c t ,  t h e  c losed  o r b i t  can be o f f -  

cen te red ,  and one g e t s  only one p a r t i c u l a r  o r b i t  exper ienc ing  a  c e r t a i n  amplitude of 
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of r a d i a l  o s c i l l a t i o n .  This  i s  equiva lent  t o  f i n d i n g  the exac t  c losed  o r b i t  r a d i u s  R, 

corresponding t o  t h e  t r a j e c t o r y  pas s ing  through the  reference  p lanes  a t  d i s t a n c e s  ri 

r2 ='3' 
From Eq. (1)  we have 

bu t  
k W v - l + -  2: l + -  r 2 U ' 

W = k i n e t i c  energy 
U = r e s t  energy 

then, fo r  N = 4 

Then the measure of rl + r gives  a good a p p r o x i m t i o n  t o  the  r a d i u s  of the 
3 

c losed  o r b i t ,  even i f  the exac t  l oca t ion  of t he  c e n t e r  is  not known. 

The Average F ie ld  

The length  of the c losed  orb i  t can be determined e i t h e r  by L = r ( r l  + r3 ) ,  o r  

by the  length  of the wi re  pas s ing  through r2 = ( r l  + r3)/2. The tens ion  of t he  wire  

i s  r e l a t e d  t o  t h e  energy of the corresponding p a r t i c l e  by T/i = mV/e. From the 

momentum and l eng th  of o r b i t ,  the average f i e l d  can  be found through the  r e l a t i o n  

S e t t i n g  the  c o r r e c t i n g  c o i l  c u r r e n t s  f o r  a g iven  energy and p a r t i c l e  can be 

made i n  a s i n g l e  experilaent. A c e r t a i n  number of w i re s  a r e  i n s t a l l e d  on the  board, 

each conneoted t o  a balance pretuned t o  the t ens ion  corresponding t o  i t s  length. 

The c o r r e c t  law of average f i e l d  is obtained when a l l  t h e  wi re s  a r e  i n  equil ibrium, 

s e e  Fig. 4. 

Axial Betatron Frequency 

Re la t ion  (1) is  a l s o  t r u e  f o r  the a x i a l  pos i t i on ;  the d i s t ance  y i s  the 

d i s t anoe  between the a c t u a l  o r b i t  and the  c e n t r a l  unperturbed o r b i t ,  which is n o t  

known. I t  comes from the  p r o p e r t i e s  of l i n e a r  equat ions  t h a t  the  r e l a t i o n  (1 )  i s  

s t i l l  t r u e  when y is the d i s t anoe  between any two o r b i t s ,  l oca t ed  i n  the same 

v e r t i c a l  plane (having the same phase s h i f t  p e r  eeotor ) .  

The de terminat ion  of v can then be made by p l ae ing  two wi re s  of the same l eng th  
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Fig. 4 Determinntion of nverage field. 
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Fig. 5 Detorminntlon of V Z .  
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Fig. 7 Measured properties of the magnetic field. 

Fig. 8 Diagram of RF system. 
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as shorn i n  Fig. 5, and p l o t t i n g  a c c u r a t e l y  the  d i s t a n c e s  between the w i r e s  where 

they  c r o s s  t h e  r e f e r ence  planes.  By choosing t h e  re ference  p l anes  on the geometr,ical.  

symmetry a x i s ,  t h e  p o s i t i o n  of those  p lanes  need no t  be de f ined  ve ry  accu ra t e ly .  The 

accuracy t o  which v can be determined depends u l t i m a t e l y  on t h e  accuracy t o  which z  
t he  d i s t a n c e  between the w i r e s  can be measured. The b e s t  way i s  t o  use a te lescope  t o  

look a t  t h e  wires .  

Let z  be the average d i s t a n c e  between the w i r e s  ( 3  cm i n  the a c t u a l  measurements) 

and 6 z  the  i n c e r t i t u d e  i n  the  va lue  of z .  One g e t s  

IT 
z  + z  

cosp = COS- v - 2 0  
z  2 z -  

2z 1 

* z  wi th  t he  i n o e r t i t u d e  v Z  &vZ = - - + z  

For example, a wire  0.1 m i n  diameter  p l o t t e d  t o  a q u a r t e r  of i t s  diameter  

g ives  a 6 z  of 0.05 mm; t h i s  g i v e s  v  wi th in  16 around 0.1 and 5$ around 0.2, which z  
i s  a d e s i r a b l e  f i g u r e .  But t h i s  method mskes the  de termina t ion  of v Z  under 0.03 

d i f f i c u l t .  

Experimental R e s u l t s  

The experimental  s e t u p  is  shown i n  Fig. 6. The , t y p i c a l  f i e l d  measurements shown 

i n  Fig. 7 were obta ined  wi th  pole  p i eces  made wi th  t h e  t h e o r e t i c a l  exac t  shape 

corresponding t o  r = Q .and an  angular  ex t ens ion  of 40'. 

The average f i e l d  l a w  is modified by s a t u r a t i o n  e f f e c t s  when t h e  c e n t r a l  f i e l d  

i s  changed, which g i v e s  a wide range of v a r i a t i o n  of the f i e l d  index k. The lower 

curves  i n  Pig. 7 show how an uns t ab l e  r eg ion  appears ,  when k is  increased.  The measured 

v  is  lower than the computed va lue .  The same p l o t  made wi th  non-spiraled po le  p i eces  z  
g i v e s  curves of t he  same shape, bu t  the uns t ab l e  r e g i o n  is  much wider. 

I n  conclusion,  t h i s  i s  a  way of g e t t i n g ,  i n  a r a t h e r  s h o r t  time, a very good 

approach t o  a des i r ed  magnetic f i e l d  shape and of hs.ving the  accu ra t e  computation apply 

t o  an  a l r e a d y  good approximation. 

11 - ACCELERATING SYSTEM OF THE GRENOBLE ISOCHRONOUS CYCLOTRON 

TO s a t i s f y  the s p e c i f i e d  requirements  with good r e l i a b i l i t y  i t  is h ighly  d e s i r a b l e  

t o  avoid s l i d i n g  c o n t a c t s  for  tun ing  the RF cavi ty .  Capaci ty tuning by movable 

panels  i s  p re fe r r ed .  

Although a 3 : l  v a r i a t i o n  i n  frequency is  poss ib l e ,  i t  l eads  t o  complex mechanical 
0 

systems. I t  was decided t o  use  two oppos i te  c a v i t i e s ,  conneated t o  a  dee of 90 

ape r tu re ,  see  Fig. 8. The dee-to-ground capac i ty  i s  somewhat reduced; t h i s  makes i t  

e a s i e r  t o  g e t  to the high frequency s i d e  (21 - 23 Mc/s). 
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Fig. 9 A simple but l imi ted  tuning scheme. 

Fig. 10 A tuning scheme with in ter rupted frequency 
range. 

Fig. 11 Best tuning scheme tes ted .  . Fig. 12 Performance of tuning schemes. 

I f  t h i s  arrangement is  compared wi th  t h e  s ing l e  180' dee, f o r  the same RF input  

power, t h e  energy ga in  p e r  t u r n  can be roughly 6 g r e a t e r  f o r  the i o n s  a t  the  funda- 

mental frequency, ( s ee  curves 1 and 2 i n  Fig. 2 )  and twice f o r  t h e  i ons  on the second 

harmonic (curves  3, 4 and 5 of Fig. 2). 

Although t h i s  system w i l l  n o t  be i n s t a l l e d  a t  the  start ,  i t  w i l l  l eave  the 

p o s s i b i l i t y  of continuous v a r i a t i o n  of frequency throughout the  whole bandwidth o r  

p a r t  of i t ,  during ope ra t ion  of t he  machine, g iv ing  the p o s s i b i l i t y  of tun ing  the  out- 

pu t  energy. Such a system p re sen t s  a c e r t a i n  number of d i f f i c u l t i e s ,  as ind i ca t ed  by 

B.H. Smith from Berkeley, bu t  i t  seems worthwhile enough t o  t r y  t o  f i n d  a c o r r e c t  

so lu t ion .  

Some e f f o r t  has  been given t o  o b t a i n  a v e r y  simple mechanical design. Figs. 9, 

10  and l1 show a few of the  va r ious  shapes which have been considered.  The correspond- 

i n g  performance f o r  two shapes  i s  shown i n  Fig. 12. 

The shape of Fig. 9 i s  r a t h e r  s imple,  bu t  does not give t he  d e s i r e d  f a c t o r .  The 

shape of Fig. 10 shows a l a r g e  gap i n  t h e  frequency band due t o  resonances i n  the  

volumes behind the panels .  The b e s t  r e s u l t  i s  given by the design of Fig. 11, where 
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the  pane l s  a c t  a t  t h e  same time and i n  oppos i t i on  on t h e  r eac t ance  and on the  

c a p a c i t i v e  p a r t  of t he  resonator .  

To avoid the  spur ious  modes which make frequency adjustment  d i f f i c u l t ,  the two 

c a v i t i e s  w i l l  be f ed  i n  p a r a l l e l  from a power a m p l i f i e r  wi th  an  independent master  

o s c i l l a t o r ,  s ee  Fig. 8. 

DISCUSSION 

DE KRUIFF : What k ind  of w i r e  do you use,  and what c u r r e n t ?  

LEBOUTET : Copper wire  0.1 t o  0.2 mm d i a .  wi th  c u r r e n t s  between 600 mA and 2 A., 
h igh  enough s o  t h a t  t h e  w i r e  i s  h o t  and has no r i g i d i t y .  

LAWSON : How does  your e l e c t r o n  model f o r  a x i a l  i n j e c t i o n  compare w i t h  t h e  Birmingham 
scheme? 

LEBOUTET : The e l e c t r o n  model r ep re sen t s ,  at f u l l  s c a l e ,  t he  c e n t r e  of t he  machine. 
I t  is  n o t  y e t  equipped wi th  RP a c c e l e r a t i o n  s o  t h a t  we do n o t  have the  f i r s t  tu rns .  
The f i r s t  t r a j e c t o r y  i s  roughly 5 cm i n  diameter;  we g e t  out  of the d i f f i c u l t i e s  of 
f  oousing i n  c e n t r a l  reg ion  r a t h e r  quickly.  Our scheme has two n i c e  f e a t u r e s ,  t he  
focus ing  of t he  beam is r a t h e r  good and the  t r a j e c t o r i e s  a r e  l a r g e  r i g h t  a t  t h e  
beginning. 

REISER : How d i d  you a r r i v e  a t  t h e  f i g u r e  of 30 t o  40' f o r  the  phase acceptance? 

LEROUTET : J u s t  by rough e s t ima te s  from hand computation. 

WATERTON : What i s  your dee  vol tage?  

LEBOUTET : The assumed dee vo l t age  i s  50 kV, to  ope ra t e  e i t h e r  i n  phase o r  i n  oppos i te  
phase t o  be a b l e  t o  handle a l l  the  p a r t i c l e s  

LAPOSTOLLE : Why d i d n ' t  you use  the hodoscope e l e c t r o n i c  system t o  measure the 
v e r t i c a l  motion? 

LEBOUTET : 1t ' S  more cumbersome than  us ing  a te lescope .  The t e l e scope  is very p rac t -  
i c a l  i n  the  r eg ion  where QZ i s  of the order  of magnitude of 0.2 the te lescope  is a l l  
r i g h t .  I n  d i f f i c u l t  a r e a s  we use  the more accu ra t e  electromagnetic  technique. 

POWELL : Have you made any e s t ima te s  of c u r r e n t  t h a t  your a x i a l  i n j e c t i o n  system w i l l  
handle? 

LEBOUTET : Not ye t .  We th ink  we can f o c u s  from 1 t o  4 nA from the source. The 
d e f l e c t o r  has good e f f i c i e n c y ;  t he  l o s s  i n  t h e  g r i d  is about  2%. 
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